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1. WSTEP I PRZEGLAD LITERATURY

Pierwiastki ziem rzadkich (REE — rare earth elements) to grupa 17 metali
zdefiniowanych przez Miedzynarodowg Uni¢ Chemii Czystej i Stosowanej (IUPAC -
International Union of Pure and Applied Chemistry), naturalniec wystepujacych w
skorupie ziemskiej. W oparciu o masg¢ atomowa REE dzielg si¢ na lekkie pierwiastki ziem
rzadkich (LREE) i ciezkie pierwiastki ziem rzadkich (HREE). LREE obejmujg lantan
(La), cer (Ce), prazeodym (Pr), neodym (Nd), promet (Pm), samar (Sm), europ (Eu),
natomiast grupa HREE obejmuje: gadolin (Gd), terb (Tb), dysproz (Dy), holm (Ho), erb
(Er), tul (Tm), iterb (YD), lutet (Lu), itr (YY) (Dinh i in. 2022). REE nie sg tak ,,rzadkie”
jak sugeruje ich nazwa. W rzeczywistosci obfitos¢ tych metali w skorupie ziemskiej jest
wyzsza niz srebra (Ag) i rteci (Hg), przy czym zawarto$¢ Ce jest wyzsza niz miedzi (Cu).
Ze wzgledu na swoje wlasciwosci sg szeroko stosowane w wielu dziedzinach, takich jak
przemyst, nowoczesne technologie, rolnictwo czy medycyna. W ostatnich latach wzrost
poziom zapotrzebowania na REE w tak zwanych zielonych technologiach. Aktualnie
REE stosuje si¢ w produkcji katalizatorow, w reaktorach jadrowych, turbinach
wiatrowych czy produkcji silnikow pojazdow elektrycznych (Liu i in. 2023). Stale
wzrastajacy popyt w nowoczesnym przemysle wptynat na wzrost dziatalnosci gornicze;j,
czego skutkiem jest uwolnienie REE do $rodowiska. Z kolei wzrastajacy poziom
omawianych pierwiastkdbw w Srodowisku moze niekorzystnie wptywaé na ekosystem 1

potencjalnie zagraza¢ zdrowiu organizméw zywych (Dinh i in. 2022).

Chiny sa odpowiedzialne za 97% $wiatowej podazy REE, dodatkowo w ostatnich
latach znacznie obnizyty poziom eksportu. Przyczynito si¢ to do wzrostu cen OZE,
powodujac niepewnos¢ na §wiatowych rynkach zaawansowanych technologii. Naturalne
rezerwy pierwiastkow ziem rzadkich sa skoncentrowane w niewielkiej liczbie krajow
(Chiny, Brazylia, Rosja, USA, Demokratyczna Republika Konga) (Masarri, Ruberti
2013). Ztoza odkryte w Szwecji nie sg jeszcze eksploatowane. Z uwagi na rosngce
zapotrzebowanie i ograniczong dostepnos¢, zalezng od sytuacji geopolitycznej, REE
zostaly sklasyfikowane przez Uni¢ Europejska jako materiaty o krytycznym znaczeniu
(CRM — critical raw materials).
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REE posiadaja szeroki zakres wiasciwos$ci: jadrowe, chemiczne, katalityczne,
metalurgiczne, magnetyczne, optyczne i elektryczne. Wskutek tego stale rosnie skala i
zakres ich wykorzystania. REE znalazly swoje zastosowanie w takich obszarach jak
elektronika (telefony komorkowe, ekrany telewizyjne, skanery bagazu, systemy
napgdowe statkow), produkcja (stopy metali, wskazniki naprezen, magnesy o duzej
wytrzymato$ci, proszki polerujace), technologia (szklo optyczne, lasery, pamigé
komputerowa), nauki medyczne (lampy rentgenowskie, $rodki kontrastujace,
obrazowanie w medycynie nuklearnej, lasery stomatologiczne i medyczne), energia
odnawialna (turbiny wiatrowe, Kkatalizatory biopaliw, samochody hybrydowe,
akumulatory nowej generacji), rolnictwo (nawozy fosforowe, dodatki do pasz dla
zwierzat hodowlanych) (Balaram 2019, Koltun i in. 2019).

Z uwagi na mozliwos$ci zanieczyszczenia srodowiska tymi pierwiastkami przy ich
coraz powszechniejszym wykorzystaniu, a takze z przyczyn ekonomicznych i
gospodarczych, poszukuje si¢ innowacyjnych metod umozliwiajacych odzysk REE ze
srodowiska. Do takich metod zalicza si¢ techniki bioremediacyjne. Jedng z nich jest
fitoremediacja. Fitoremediacja to technologia wykorzystujaca gatunki ro$lin do
przywracania naturalnego stanu terenéw skazonych (Muthusaravann i in. 2018).
Zasadniczo istnieja dwie glowne strategie zmniejszania poziomu lub skutkow
zanieczyszczen przez metale w glebach: stabilizacja obszaru (wykorzystuje techniki
fitostabilizacji) oraz ,,oczyszczanie” terenu (wykorzystuje techniki fitoekstrakeji i
fitowoltaizacji). W niniejszych badaniach skupiono si¢ na procesie fitoekstrakcji, czyli
technice wykorzystujacej rézne gatunki roslin do usuwania metali z zanieczyszczonego

podtoza poprzez akumulacje w swoich organach (Suman i in. 2018).

1.1. Zrédla pierwiastkéw ziem rzadkich w §rodowisku

Dostgpno$¢ REE w $rodowisku naturalnym jest w duzym stopniu zalezna od
procesow zachodzacych na powierzchni Ziemi. Bezposredni wptyw na obecno$¢ metali
majg takie zjawiska, jak wietrzenie materialu macierzystego skorupy ziemskiej
zachodzace na skutek procesow hydrogeologicznych, geochemicznych oraz
biologicznych, a takze ruchéw na powierzchni skorupy ziemskiej, do ktorych zaliczane

sg aktywno$¢ wulkaniczna i przeptyw wod gruntowych (Adeel i in. 2019).
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REE naturalnie wystgpuja zaréwno w pierwotnych, jak i wtornych rudach
mineralnych. Rudy pierwotne to rudy powstalte w skorupie ziemskiej w wyniku procesow
magmowo-hydrotermalnych, zaliczane sg tutaj giownie karbonatyt, alkaiczne skaty
magmowe oraz ztoza hydrotermalne. Natomiast rudy wtorne sg wynikiem wietrzenia 1
procesoOw osadowych powstatych na powierzchni Ziemi. Ta grupa obejmuje przede
wszystkim gliny jonowe, osady placerowe i osady morskie (Liu i in. 2022). REE mozna
znalez¢ w ponad 200 réznych mineratach. Najczesciej wydobywanymi sg: monazyt,
bastndsyt i ksenotym, stanowigce okoto 95% wszystkich zasobow mineralnych

zawierajacych REE (Zhou i in. 2017)

REE moga by¢ uwalniane do §rodowiska na skutek czynnikow antropogenicznych.
Ze wzgledu na szerokie spektrum wykorzystywania i stale wzrastajacy popyt na metale
sg one uwalniane do ekosystemow. Glownym zZrodltem zanieczyszczen sa aktywne oraz
opuszczone kopalnie. Dziatalnos¢ gornicza, czyli cigcie, wiercenie, transport,
sktadowanie czy przetwarzanie moze przyczyni¢ si¢ réwniez do uwalniania pyhu
zawierajacego REE, a takze innych toksycznych metali i chemikaliow do powietrza,
zbiornikow wodnych i otaczajacych gleb (Balaram 2019). Na przyktad kopalnia Baiyun
Obo w Baotou (Chiny), ktora jest najwickszym obszarem wydobywczym rudy zelaza i
REE na $wiecie (odpowiada za 45% S$wiatowej produkcji REE), ma istotny wplyw na
zanieczyszczenie gleb 1 wdod znajdujacych si¢ w poblizu (Adeel 1 in. 2019; Zhao 1 in.
2023). Zwigkszona kumulacja REE w srodowisku moze by¢ rowniez obecna w regionach
obok innych stref zanieczyszczonych, na przyklad duzych miast czy osrodkow
przemystowych. Dodatkowo wykazano zwigkszong zawarto§¢ metali w regionach o
intensywnym rolnictwie. Stosowanie nawozow fosforowych, ktére moga zawieraé
istotne ilosci REE, przyczynia si¢ do uwalniania metali do $rodowiska. W Chinach REE
sa celowo stosowane jako wzbogacenie nawozoéw ze wzgledu na to, ze metale moga

wptywac pozytywnie na wzrost kietkowania nasion, wzrost korzeni czy odpornos¢ roslin
(Ramos i in. 2016).

1.2. Wplyw pierwiastkow ziem rzadkich na Srodowisko i organizmy zywe

Koncentracja REE w glebach moze mie¢ istotne znaczenie, poniewaz poprzez
swoja obecnos¢ w ekosystemie mogg one oddziatywac¢ na ludzi, inne organizmy zywe,

w tym rosliny. Nadmierna zawarto$¢ pierwiastkéw w glebach moze mie¢ powazne
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konsekwencje dla otaczajacego srodowiska, wliczajac w to jako$¢ wod gruntowych i
produktow rolnych (Adeel i in. 2019). REE wykazuja dtugi okres pottrwania w glebie, co
sprzyja ich akumulacji w tancuchu pokarmowym i toksycznosci dla organizmow
ladowych. Biodostepno$¢ oraz toksycznos¢ metali w $rodowisku ladowym jest
warunkowana cechami gleb i samych pierwiastkow (Egler i in. 2022). Wykazano, ze REE
moze negatywnie wplywac na poziom inteligencji moézgu, co moze ostatecznie prowadzi¢
do utraty pamieci. REE moga rowniez przedosta¢ si¢ do tozyska i krwi w czasie cigzy,
co moze prowadzi¢ do wad wrodzonych (Wu i in., 2013, Adeel i in., 2019). REE moga
prowadzi¢ do efektu zwanego hormeza. W niskich dawkach mogg stymulowaé wzrost
roslin, natomiast w wigkszych prowadzi¢ do zahamowania ich wzrostu i rozwoju.
Przyktadowo wykazano, ze dodatek La i Ce w nizszym stezeniu wywiera pozytywny
wplyw na pobieranie i gromadzenie sktadnikow odzywczych u pszenicy (Triticum

aestivum L.), natomiast wysokie stezenia zahamowaty elongacje korzeni (Hy i in. 2002).

1.3. Fitoekstrakcja pierwiastkéw ziem rzadkich

Ro$liny moga pobiera¢ i gromadzi¢ metale w tkankach nadziemnych i
podziemnych. Stezenie REE w tkankach jest zalezne od wielu czynnikéw, takich jak
wlasciwosci gleby (zawarto$¢ materii organicznej, pH, wystepowanie potencjalnie
toksycznych metali), organiczne i nieorganiczne ligandy czy gatunek rosliny (Rabbani i
in. 2024).

Proces pobierania i akumulacji metali przez rosling zachodzi etapowo. Pierwszym
etapem jest solubilizacja metalu z matrycy glebowej, zakwaszenie obszaru ryzosfery oraz
wydzielanie ligandow. Nastepnie zachodzi proces absorpcji pierwiastkow przez korzenie
oraz transport do pedow, dystrybucja migedzy tkankami i ostatni etap, czyli sekwestracja.
Pierwiastki ziem rzadkich w ros§linach moga by¢ magazynowane w r6znych tkankach, do
ktorych nalezg: mezofil, epiderma, ksylem i inne miejsca, w ktorych REE nie wywieraja
toksycznego wplywu na wazne procesy komoérkowe. Sekwestracja, ktorej wynikiem jest
akumulacja metali, zachodzi w wakuoli, czyli w miejscu do ktorego metal lub jego
kompleks z ligandem jest transportowany przez btone wakuoli (Oprae i in. 2021; Shan i
in. 2003; EI-Remady 2010).
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W celu zaplanowania fitoremediacji terenu skazonego przez metale, poczatkowo
zostaje wybrany obszar, w ktérym metale wystepuja w podwyzszonym stezeniu. Do
takich miejsc mogg naleze¢ przyktadowo tereny gornicze badz przemystowe. Nastepny
etap obejmuje wybor odpowiednich gatunkéw roslin oraz dodatkow do gleby
odpowiedzialnych za optymalizacj¢ pobierania metali przez rosliny i ich ogdlny wzrost i
rozw@j. Takimi dodatkami moga by¢: nawozy, fitohormony, egzogenna materia
organiczna. Ostatnim krokiem jest zbidr upraw. Uzyskang biomas¢ poddaje si¢ nastepnie
takim procesom jak: kompostowanie, obrobka termiczna lub wykorzystuje w celu
odzysku pierwiastkow (Grobelak i in. 2010; Krzciuk 2019).

Firoekstrakcja moze wykorzystywaé gatunki ros$lin o naturalnej zdolnosci
pobierania 1 akumulowania wyzszych stezen metali w swoich tkankach
(hiperakumulatory), bez wywierania na nie toksycznego wptywu i jest to tak zwana
fitoekstrakcja cigglta. Drugg mozliwo$cig jest zastosowanie metody fitoekstrakcji

indukowanej, ktora jest wspomagana chemicznie (Tahmasbian, Safari Sinegani 2016).

1.4. Hiperakumulatory

Hiperakumulatory to rosliny gromadzace duze ilosci metali w swoich tkankach
dzigki efektywnej translokacji z korzenia do pedu, co powoduje zmniejszanie si¢
zawartoSci metali w podtozu. Zazwyczaj akumulujg wiecej pierwiastkow w pedach w
poréwnaniu do korzeni. Dodatkowo takie rosliny, gdy sa uprawiane na obszarach o
wysokich stezeniach toksycznych metali nie wykazuja widocznych objawow stresu i
zachowuja swoje czynno$ci metaboliczne 1 funkcje fizjologiczne. Aby dany gatunek
rosliny mégt zosta¢ zaklasyfikowany jako hiperakumulator, musi charakteryzowac si¢
zdolnoscia do gromadzenia ponad 10 000 mg kg™! Mn, Zn, 1000 mg kg™! As, Co, Cr, Cu,
Ni, Pb, Se lub 100 mg kg~' Cd (Sytar i in. 2020).

Aktualnie, ponad 20 gatunkéw roslin zostato zakwalifikowanych jako naturalne
hiperakumulatory REE. Sg to rosliny reprezentowane przez pi¢¢ rodzin: Phytolaccaceae
(na przyktad: Phytolacca americana, P. icosandra), Gleicheniaceae (na przyktad:
Dicranopteris linearis), Juglandaceae (na przyktad: Carya cathayensis, C. glabra, C.

tomentosa), Blechnaceae (na przyktad: Blechnum niponicum, Woodwardia japonica),
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Thelypteridaceae (na przyktad: Pronephrium simplex, P. triphyllum) (Krzciuk 2015;
Jalali, Lebeau 2021).

Wykazano, ze gatunek paproci Blechnum orientale jest zdolny do akumulowania
wysokich stezen REE do 1022 mg kg! (van der Ent i in. 2021). Innym przyktadem
paproci hiperakumulujacej REE jest Dicranopteris linearis. W badaniach Khan i in.
(2017) doniesiono, ze D. linearis jest zdolna do bioakumulacji pierwiastkow ziem
rzadkich do 0,31 mg kg oraz 0,53 mg kg™, odpowiednio w korzeniach i lisciach. Z kolei
w innych badaniach naukowcy dowiedli, ze D. linearis jest w stanic akumulowa¢ od
105,1 mg kg* do 3956,6 mg kg™ LREE (La, Ce, Pr, Ne) w liciach (Shan i in. 2003).

1.5. Fitoekstrakcja indukowana

W celu zwigkszenia wydajnosci fitoekstrakcji stosuje si¢ zwigzki chemiczne lub
naturalne, ktéore maja za zadanie desorbowal toksyczne metale i ulatwiaé proces

pobierania ich przez korzenie. Przyktadem takich zwiazkow sg chelaty.

Metale w glebie wystepuja jako mineraty lub sa zaadsorbowane przez sktadniki
gleby, co utrudnia ich pobieranie przez korzenie roslin. Chemicznie wspomagana
fitoekstrakcja wykorzystuje zwiazki chelatujace, tworzace kompleksy z metalami w celu
zwigkszenia ich biodostepnosci w strefie ryzosfery oraz pobierania przez rosliny. Uwaza
si¢, ze kompleks metal - chelat przemieszcza si¢ nastepnie z korzeni do pedow poprzez

transport ksylemu pod wptywem transpiracji (Harmon 2022).

Jako chelaty wykorzystuje sig: syntetyczne APCA (kwasy
aminopolikarboksylowe): EDTA (kwas etylenodiaminotetraoctowy), kwas etyleno-
bis[oksyetylenotrinitrilo]tetraoctowy (EGTA), kwas [0,0]: etylenodiamino-di[(orto-
hydroksyfenylo)octowy] (EDDHA), kwas N-(2-hydroksyetylo)iminodioctowy (HEIDA)
oraz naturalne APCA: etylenodiaminodibursztynian (EDDS), kwas nitrylotrioctowy
(NTA), naturalne kwasy organiczne o niskiej masie czasteczkowej (NLMWOA),
substancje humusowe (HS). Metale skompleksowane z wyzej wymienionymi ligandami

sg bardziej dostepne dla korzeni roslin (Salt i in., 1995; Jabeen 1 in., 2009).
1.6. Wady i zalety stosowania fitoekstrakcji

Glowng  zaleta stosowania fitoekstrakcji do  remediacji  obszarow

zanieczyszczonych metalami jest to, ze jest to technika oparta na naturalnych procesach,
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nie wywierajgca duzego wptywu na $rodowisko. Dodatkowym atutem jest niski koszt
przeprowadzenia procesu. Otrzymana biomasa zawierajagca wyzsze stezenia metali w
swoich tkankach moze zosta¢ wykorzystania do odzysku pierwiastkow. Dodatkowo,
sadzenie roslinnos$ci na skazonym terenie pozytywnie wptywa na zmniejszanie erozji

powodowanej przez wiatr i wode¢ (Muthusaravanan i in. 2018).

Fitoekstrakcja ma jednak rowniez pewne ograniczenia. W technice bardzo
wazny jest dobdr odpowiednich gatunkow roslin, uwzgledniajacy, m. in. wielkos¢
biomasy czy odporno$¢ na toksyczno$¢ obecnych w podtozu metali. Ze wzgledu na
kroétkie korzenie rosliny moga pobieraé tylko zanieczyszczenia znajdujace si¢ w poblizu
powierzchni. Dodatkowo rosliny, ktére akumulujg w swoich tkankach metale moga
przedostac si¢ do tancucha pokarmowego. Czas trwania procesu 0Czyszczania gruntu jest
bardzo dtugi, moze trwac¢ od kilku do kilkudziesi¢ciu lat (Muthusaravanan i in. 2018,
Mahar i in. 2020).

1.7. Wspolezynnik translokacji (TF) i wspolczynnik biokoncentracji (BCF)

Wspotczynnik translokacji (TF) oraz wspotczynnik biokoncentracji (BCF) sa
stosowane do opisu wilasciwosci bioakumulacyjnych roslin. Wskaznik TF okresla
stosunek zawartosci metali w pedach roslin do ich zawarto$ci w korzeniach. Rosliny o
wyzszych wartosciach TF maja wigksza zdolnos¢ do przenoszenia metali z korzeni do
pedow. W przypadku akumulatorow danej grupy metali zaleca sig, aby TF byt wyzszy
niz 1, wowczas takie rosliny nazywane sa hiperakumulatorami (Dinh i in. 2022).
Wskaznik BCF jest opisywany jako stosunek zawartosci metalu w tkankach rosliny do
zawartosci metalu w glebie lub substracie. Zalecane jest, aby oba wspotczynniki byty
wyzsze niz 1, wowczas rosliny nazywane sg hiperakumulatorami. Jesli TF > 1 1 BCF <
1, ro$lina moze by¢ traktowana jako fitoekstraktor, a w przypadku gdy TF < 1i BCF > 1,

roslina moze by¢ potencjalnie wykorzystywana jako fitostabilizator (Takarina, Pin 2017).
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2. HIPOTEZA I CEL BADAN

Hipoteza badawcza

W hipotezie badawczej zalozono, ze alternatywnym zrodtem pierwiastkéw ziem
rzadkich (REE) moga by¢ sktadowiska roznych typow odpadow przemystowych. W Polsce
nie wystepujg istotne zloza REE z punktu widzenia gospodarczego. Zastosowanie
odpowiednich gatunkéw roslin oraz dodatkéw utatwiajacych translokacje REE z podtoza do

tkanek roslin moze przyczyni¢ si¢ do optymalizacji metod ich (fito)odzysku ze srodowiska.

Cel glowny rozprawy doktorskiej to:

Okreslenie efektywnosci fitoekstrakcji pierwiastkow ziem rzadkich (REE) z gleby oraz

odpadow przemystowych przez wybrane gatunki roslin.

Cele szczegolowe to:

. Okreslenie zawartosci REE na przykladzie: La, Ce, Eu i Gd w odpadach

przemystowych oraz reprezentatywnej grupie gleb.

o Okreslenie roznic w akumulacji La, Ce, Eu 1 Gd przez wybrane gatunki roslin
uprawianych na glebie i podtozach, ktorych gldéwnym komponentem byty odpady

przemystowe.

o Okreslenie poziomu akumulacji La, Ce, Eu i Gd przez wybrane gatunki roslin
rosngcych na wybranych wariantach podlozy po doglebowym zastosowaniu

wybranych chelatow.
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3. MATERIAL I METODY BADAWCZE

3.1. OKreslenie zawartos$ci La, Ce, Eu i Gd w zanieczyszczonych glebach i odpadach.

Etap pierwszy obejmowatl charakterystyke probek reprezentowanych przez takie
typy materiatow, jak: gleby o wyzszej zawartosci REE, pohutnicze odpady poflotacyjne
i zuzlowe, popioty lotne z elektrowni, a takze osady $ciekowe z komunalnych
oczyszczalni Sciekow, jako potencjalne komponenty podtozy do wykorzystania w
procesie fitoekstrakcji REE. Przeanalizowano probki odpadow z 23 elektrowni lub
elektrocieptowni, 4 spalarni odpadéw przemystu meblarskiego i papierniczego, 4
sktadowisk odpadéw z hutnictwa cynku i otowiu. Wykonano réwniez analizy probek
gleby pobranych w 17 lokalizacjach w dwoch regionach, w ktorych zatozono, na
podstawie dostepnych danych, podwyzszong zawarto$é REE: rejon Piekar Slaskich (woj.

$laskie) oraz rejon Srebrnej Gory (woj. dolnoslaskie).

Materiaty zostaty scharakteryzowane m. in. pod wzgledem zawartosci REE (La,
Ce, Eu, Gd) oraz zawartosci pierwiastkow §ladowych, odczynu pH, zawartosci C i N. W
niniejszej pracy przedstawiono wyniki dotyczace zawarto$ci REE. Wyniki nie zostaly
dotychczas opublikowane, badania byly prowadzone na potrzebeg selekcji materiatu do

kolejnych etapow doswiadczenia.

Probki materiatlow zostaty wysuszone, zmielone oraz przesiane przez sito 0 oczkach
2 mm. Tak przygotowany materiat (0,5 g) zostat poddany rozktadowi w wodzie
krolewskiej (stosunek 3:1 odpowiednio HC1 : HNOs) w naczyniach teflonowych PFA w
systemie mikrofalowym (MarsXpress; CEM Corp., Matthews, NC, USA). Probki
analizowano przy uzyciu ICP-MS (Agilent 7500c, Santa Clara, CA, USA).

3.2. Doswiadczenia szklarniowe

Doswiadczenia zostaly przeprowadzone w hali wegetacyjnej Instytutu Uprawy
Nawozenia 1 Gleboznawstwa — Panstwowego Instytutu Badawczego w Pulawach
[51°24'59"N, 21°58'09"E] (rysunek 1). Dos$wiadczenie 1 (okreslenie efektywnosci
wybranych gatunkow roslin w fitoekstrakcji REE) bylo prowadzone w okresie maj —
sierpien 2022 roku, natomiast do$wiadczenie 2 (ocena efektywno$ci zastosowania

chelatow w fitoekstrakcji REE) w okresie maj — wrzesien 2023 roku.
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Rysunek 1 Doswiadczenie 1 i doswiadczenie 2 (odpowiednio od lewej) na hali
wegetacyjnej IUNG — PIB w Putawach.

3.3. Material badawczy

3.3.1. Material roslinny

W doswiadczeniu 1 badania prowadzono na nast¢pujacych gatunkach roslin:

e krwawnik pospolity (Achillea millefolium L.),

e maruna bezwonna (Tripleurospermum maritimum (L.) W.D.J. Koch),

e Kkostrzewa trzcinowa (Festuca arundinacea Schreb.),
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nagietek (Tagetes sp.),

kukurydza (Zea mays),

gorczyca biata (Sinapsis alba),

e koniczyna tgkowa (Trifolium pratense L.),

narecznica czerwonozawijkowa (Dryopteris erythrosora (D.C.Eaton) Kuntze)

Na podstawie wynikéw doswiadczenia nr 1, do doswiadczenia nr 2 wybrano trzy gatunki

roslin:

e A. millefolium L.,

e T.pratense L.,

e Dryopteris erythrosora (D.C.Eaton) Kuntze

3.3.2.Podloza

W doswiadczeniu 1 eksperyment sktadat si¢ z czterech wariantow substratow, w

ktorych gtéwnymi komponentami byty:

e gleba pobrana w Srebrnej Gorze w wojewddztwie dolnoslaskim (50°34°32°° N,
16°39°35”’ E),

e popiodt z przemystu papierniczego w Ostrotece,
e popiot z elektrowni z Gornego Slaska,
e odpad poflotacyjny z huty cynku.

W doswiadczeniu 2 wykorzystano dwa warianty substratow, w ktorych gtownymi

komponentami byty:
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¢ gleba pobrana na terenie RZD Kepa, wzbogacona LaCls, CeCls, EuCls, GAClIz (jako

roztwor wodny w dawce 100 mg kazdego pierwiastka na doniczkg),
e popiot z elektrowni z Gornego Slaska.

Sole REE wprowadzono do gleby z uwagi na stosunkowo niskie zawartosci tych
pierwiastkdw w zgromadzonych glebach, oraz dla umozliwienia zbadania reakcji roslin,
transportu  REE do cz¢sci nadziemnych oraz wptywu chelatow przy wysokich

zawartosciach REE.

Aby zapewni¢ w podilozach odpowiednie warunki dla rozwoju ro$lin, tzn.
dostarczy¢ materi¢ organicznej oraz obnizy¢ poziom pH, do substratow bazowych
dodano kompost i torf. Kompost pochodzit z przedsigbiorstwa GWDA w Pile, ktory
zostal wyprodukowany na bazie osadow $ciekowych oraz selektywnie zebranych
zielonych odpadéow komunalnych, rolniczych i spozywczych. Zastosowany kompost
posiada status dopuszczonego do rynku jako $rodek poprawiajacy wiasciwosci gleby.
Charakteryzowat si¢ 30,2% zawarto$cig materii organicznej i pH 6,2. Sktad podtozy
(procent wagowy) zostal przedstawiony w tabeli 1 i 2. Doswiadczenie 1 byto prowadzone
w doniczkach zawierajacych po 1 kg podtoza, natomiast do§wiadczenie 2 w doniczkach
zawierajacych 2 kg podtoza 1 oraz 1,66 kg podtoza 2 (ze wzgledu na objetosé koncowa
podioza).

Tabela 1 Sktad podtozy uzytych w doswiadczeniu szklarniowym 1 (procent wagowy)
(Gmur i in. 2025a)

Gleba Popiot Odpad Kompost Torf
poflotacyjny
Podtoze 1 95% - - 5% -
Podtoze 2 - 30% - 20% 50%
Podtoze 3 - 30% - 20% 50%
Podtoze 4 - - 40% 20% 40%
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Tabela 2 Sktad podtozy uzytych w do$wiadczeniu szklarniowym 2 (procent wagowy)

(Gmur i in. 2025b)

Gleba Popiot Kompost Torf
Podtoze 1 95% - 5% -
Podloze 2 - 30% 20% 50%

3.4. Analiza wlasciwos$ci chemicznych podloza

Przed do§wiadczeniem pobrano losowo probki kazdego z materialow wchodzacych

w sktad podtozy 1 wysuszono w suszarce. Nastgpnie probki zmielono, przesiano przez

sito o oczkach 2 mm. Tak przygotowane probki poddano analizom chemicznym:

zmierzono pH oraz przewodno$¢ elektryczng wiasciwa metoda potencjometryczng w

zawiesinie wodnej, catkowita zawarto$¢ azotu 1 wegla na analizatorze CN (Elementar,

vario Macro 8 cube) oraz oznaczono zawartos¢ pierwiastkow (analogicznie jak w punkcie

3.1.). Otrzymane wyniki z analiz zostaly przedstawione w tabeli 3 (do§wiadczenie 1) i

Tabeli 4 (doswiadczenie 2).

Tabela 3 Zawartoéé pierwiastkow (mg kgl) oraz wybrane wtasciwoéci chemiczne
komponentow uzytych w doswiadczeniu 1 (Gmur i in. 2025a)

Pierwiastek Gleba Popiot z Popiot z Odpad
przemystu elektrowni poflotacyjny
papierniczego
Li 2,4 19,2 11,3 3,2
Be 0,1 2,1 0,8 1,5
Al 3674 59437 15669 10064
\% 10,5 174,1 35,5 54,7
Cr 7,6 104,7 46,6 41,9
Mn 143 447 631 6228
Fe 4689 54200 14031 236248
Co 1,6 30,5 15,0 14,7
Ni 4,3 85,1 53,4 70,3
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Cu 3,1 48,4 498,03 16,2
Zn 14,3 113,7 892,72 126228
As 2,0 22,8 9,3 2724,46
Se 0,1 23,1 1,1 12,2
Sr 0,5 30,9 36,1 3,1
Mo 0,1 2,9 3,7 13,7
Ag 0,1 0,2 4,7 39,8
Cd 0,1 5,2 11,2 573,6
Sn 0,1 2,0 22,6 0,5
Sb 0,0 0,4 16,4 7,2
Ba 19,3 3179 797,7 50,5
La 6,2 67,0 8,9 7,0
Ce 13,1 120,4 18,6 16,6
Eu 0,1 2,27 0,5 0,2
Gd 0,9 12,45 19 1,5
TI 0,05 0,64 0,4 194
Pb 9,3 40,7 117,4 21782,9
Bi b,d, 0,7 6,3 0,1
Na 21,1 285 8770 62,8
Mg 651 4235 10300 16277
K 1209 733 18455 1721
Ca 987 151265 130492 37220
pH in H20 6,6 7.9 11,2 8,5
EC 146 1238 11080 200
[uS/cm]
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Total nitrogen 0,07 0,05 0,02 0,12
[% N]

Total carbon 0,7 3,7 1,7 20,6
[% C]

Tabela 4 Zawarto$¢ pierwiastkow (mg kg-1) oraz wybrane wlasciwosci chemiczne

komponentow uzytych w doswiadczeniu 2 (Gmur i in. 2025b)

Element Soil Power plant ash
Li 3,25 11,31
Be 0,19 0,83
Al 4967,47 15669,29
V 14,19 35,53
Cr 10,59 46,60
Mn 225,16 6313,97
Fe 7244,23 14030,51
Co 3,20 15,05
Ni 7,58 53,49
Cu 6,75 498,03
Zn 48,39 892,71
As 2,71 9,30
Se 0,19 1,08
Sr 1,08 36,12
Mo 0,24 3,69
Ag 0,14 4,77
Cd 0,24 11,17
Sn 0,04 22,68
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Sh 0,04 16,48

Ba 31,73 797,73

La 8,42 8,90

Ce 18,52 18,65

Eu 0,24 0,54

Gd 1,47 191

TI 0,04 0,39

Pb 12,91 117,42

Bi 0,09 6,29

Na 40,31 8769,68

Mg 941,25 10300,19

K 1768,18 18454,72

Ca 1167,80 130492,47

pH in H,0 7,13 8,55
EC

[uS/cm] 99 11080

Total nitrogen
[%N] 0,09 0,12
Total carbon
[9%6C] 1,19 20,60

3.5. Przebieg doswiadczenia 1 — Okreslenie efektywnosci wybranych gatunkow

roslin w fitoekstrakcji REE

W doswiadczeniu wykorzystano osiem gatunkéw ro$lin oraz cztery warianty
podtozy. Uwzgledniono dwa czynniki: rodzaj podioza oraz gatunek rosliny. Kazdy
wariant doswiadczenia byt realizowany w trzech powtodrzeniach. Okres trwania
eksperymentu wynosit 3 miesiace, przy czym wczesniej przez okres 2 tygodni doniczki
zostaly wypelione wymieszanymi substratami i pozostawione w celu ustabilizowania
wlasciwosci chemicznych podtoza. Rosliny byly podlewane woda destylowang zgodnie

z aktualnymi potrzebami.
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3.5.1. Analiza roSlin i podloza

Po uptywie dwoch miesigcy od zasiania/ zasadzenia, ro§liny zostaly $ciete, a
korzenie delikatnie oddzielone od podtoza. Tak podzielone cz¢sci (czgsci nadziemne i
czesci podziemne) roslin zostaly oplukane wodg z kranu, a nastepnie woda destylowang
I wysuszone w suszarce w 50°C przez kolejne 2 dni. Nastgpnie wysuszone partie roslin
zostaly zwazone. Wysuszone rosliny zostaty zmiclone w mtynku elektrycznym i poddane

analizom laboratoryjnym.

Oddzielnie czgsci nadziemne i podziemne zostaty (0,5 g) zostaty poddane trawieniu
w HNOs w naczyniach teflonowych PFA w systemie mikrofalowym (MarsXpress; CEM
Corp., Matthews, NC, USA). Tak przygotowane probki, rozcienczono w wodzie w
stosunku 1:10 (probka : woda) i analizowano przy uzyciu ICP-MS (Agilent 7500c, Santa
Clara, CA, USA). Jako certyfikowany material odniesienia zastosowano make sojowa
(INCT-SBF-4) i mieszanke ziot (INCT-MPH-2). Probki podtozy pobrane po usunigciu
ro$lin, przygotowane analogicznie jak w punkcie 3.1. poddano analizie pH w zawiesinie

wodnej w stosunku 1:3 (probka:woda).

3.6. Przebieg doswiadczenia 2 — ocena efektywnoS$ci zastosowania chelatéow w

fitoekstracji REE

W eksperymencie wykorzystano trzy gatunki roslin oraz dwa warianty podtozy.
Doniczki zostaty wypetnione wymieszanymi substratami jeden miesigc przed zasianiem/
zasadzeniem ro$lin, w celu ustabilizowania wtasciwosci chemicznych podiozy. Po
wschodzie roslin do substratow zostaly dodane chelaty: CA, EGTA, EDTA w st¢zeniach
5 mM lub 10 mM na kg podtoza. Kazda kombinacja roslina x substrat x chelat zostata
wykonana w 3 powtorzeniach. Rosliny byly podlewane woda destylowana zgodnie z

aktualnymi potrzebami i panujacymi warunkami temperaturowymi.
3.6.1. Analiza roslin i podloza

Po uptywie pigciumiesiecy od zasiania/ zasadzenia rosliny zostaty $cicte, a korzenie
delikatnie oddzielone od podtoza. Dalsze postepowanie byto analogiczne do opisanego

w punkcie 3.5.1.
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3.7. Obliczenia statystyczne

Oceng statystyczng otrzymanych wynikow wykonano za pomoca programu
Statistica v. 13.1. Wyniki poddane analizie reprezentowaly 3 powtorzenia kazdego
wariantu. Doswiadczenie 1 obejmowalo nastepujace czynniki: gatunek rosliny i rodzaj

podtoza. Natomiast doswiadczenie 2: chelat i gatunek rosliny w obrebie podtoza.

Wykonano analize wariancji (ANOVA) dla uktadéw dwuczynnikowych. W

analizie wariancji zatozono, ze:

e Zmienne sg zalezne, ilosciowe,

e Normalno$¢ rozktadu zmiennych zaleznych w obiektach (normalno$¢ rozktadu

sprawdzano za pomocg testu Shapiro-Wilka),

e  Wystepuje rowno$¢ wariancji.

Istotnos¢ roznic oceniono przy wykorzystaniu testu Tukey’a (poziom istotnosci
a=0,05). Uzyskane wyniki badan opracowano i zestawiono w formie tabelarycznej i

graficznej.

3.8. Wspélczynnik biokoncentracji (BCF) i wspoélcezynnik translokacji (TF)

Dla obu doswiadczen obliczono wspolczynnik biokoncentracji (BCF) i
wspotczynnik tranclokacji (TF). Wspotczynnik BCF jest liczony jako stosunek zdolnos$ci

rosliny do odzysku metali z gleby lub substratu. Jest okreslany wzorem:

BCF = Ctkanka roslinna / Cgleba/podtoze

Gdzie,

Ctkanka roslinna — st¢zenie metalu w zebranych tkankach roslinnych,

Cgleba/podtoze — stezenie metalu w glebie lub podtozu.
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W doswiadczeniu BCF byt warto$cia wyliczong, stezenie REE zostato wyliczone

na postawie proporcji (Tabela) z zawartosci metali w komponentach substratow.

Wspoétczynnik translokacji (TF) to stosunek stezenia metalu w czg$ciach

nadziemnych rosliny do cz¢$ci podziemnych. Jest liczony na podstawie wzoru:

TF = Cpedy / Ckorzenie

Gdzie,

Cpedy — stezenie metalu w pedach/ czgsciach nadziemnych roslin,

Ckorzenie — stgzenie metalu w korzeniach/ czg¢éciach podziemnych roslin.
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4. WYNIKI

4.1. OKreslenie zawartosci REE w zanieczyszczonych glebach i odpadach

Wyniki dotyczace zawartosci badanych REE w odpadach i glebach zostaly
zamieszczone w tabeli 5. Z otrzymanych danych wynika, ze najwyzszg zawarto$¢ w
badanych materiatach otrzymano dla Ce (Popiot Wapienny — Belchatow, 232,97 mg kg
). Ogolnie rzecz biorac, wyzsze zawartosci REE otrzymano dla odpadéw typu popiot
lotny i gleby w poréwnaniu z osadami $cieckowymi i zuzlami. Zakres REE w badanych
glebach wahat si¢ w przedziale 1,59 — 50,68 mg kg, odpowiednio dla gleby z Piekar
Slaskich (Eu) i gleby z Srebrnej Gory (La). Natomiast w popiotach lotnych 0,61 — 232,97
mg kgt

Tabela 5 Srednie zawartosci La, Ce, Eu i Gd w odpadach i glebach (mg kg*)

La Ce Eu Gd
Popiodt ze wspoéltspalania El. Dolna Odra 34,05 73,71 1,49 7,68
Popiét lotny EL Opole 19,28 45,27 1,19 5,10
Popidt lotny El. Rybnik 17,72 40,35 1,17 5,01
Popidt lotny Ec.Bydgoszcz 24,53 54,42 1,61 6,87
Popidt lotny Ec.Gdansk 17,39 39,29 1,08 4,76
Popiot lotny Ec.Gdynia 34,06 73,65 2,03 8,33
Popiot lotny Ec. Pomorzany 24,87 55,96 1,95 7,80
Popiot lotny Ec.Siechnice 21,16 46,04 1,25 5,36
Popidt lotny Ec. Wroctaw 24,44 59,13 1,59 6,38
Popidt Wapienny-Belchatow 116,19 232,97 4,61 23,11
Popidt lotny Krakow 27,42 61,26 1,38 6,79
Popidt lotny fluidalny Turéw 88,78 170,98 3,00 13,61
Popidt lotny Turow 89,26 166,07 2,47 12,28
Popidt lotny Ostroteka 44,69 85,09 2,03 1,77
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Popiot lotny z Gornego Slaska 15,83 30,76 0,61 2,27
Zuzel Ec. Gdansk 9,02 21,60 0,51 2,30

Zuzel Ec. Gdynia 5,56 12,71 0,27 1,38

Zuzel Ec. Krakow 12,75 28,45 0,71 3,10

Zuzel Sktadowisko Krakow-Niwa 18,42 41,78 1,10 5,00
Zuzel Ec. Wroctaw 14,81 32,78 0,88 3,66

Zuzel EL Opole 13,04 28,71 0,79 3,38

Zuzel EL Rybnik 10,28 23,75 0,62 2,75

Halda ZP Kamien K/Dtugoteki 19,88 44,60 131 5,42
MPZ Gdansk-Letnica 17,22 36,78 1,04 4,47
Odpad poflotacyjny z huty cynku 7,89 17,50 0,34 1,69
Osad $ciekowy Putawy 13,44 7,91 0,23 0,48
Osad $ciekowy Pniewy 2,78 4,06 0,12 0,51
Gleba Piekary Slaskie 45,10 1,59 19,18 42,95
Gleba Srebrna Gora 50,68 1,98 23,46 46,80

Min 2,78 1,59 0,12 0,48

Max 116,19 232,97 23,46 46,80

Mediana 19,28 40,35 1,19 5,10

4.2. Ocena efektywnos$ci wybranych gatunkow do fitoekstracji REE —

doswiadczenie 1

Celem doswiadczenia Gmur i in. (2025a) byta ocena efektywno$ci wybranych
gatunkéw roslin jako potencjalnych fitoekstraktorow z uwzglednieniem czterech typow
podtozy. Zbadane zostaty: wzrost roslin, wskaznik tolerancji (TI), zmiana pH podioza,
akumulacja pierwiastkbw w nadziemnych 1 podziemnych cze¢$ciach rosélin oraz
wspotczynnik translokacji (TF) 1 wspotczynnik biokoncentracji (BCF). Wykazano, ze

wzrost roslin byt w duzym stopniu zalezny od uzytego podtoza. Najwigkszy przyrost
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biomasy dla kazdego gatunku, z wyjatkiem S. alba uzyskano dla podtoza 1. Dla S. alba
najwieksza biomase uzyskano na podtozu 2 (4,47 g doniczka™) (rys. 1 w: Gmur i in.
2025b). Podtoze 1 charakteryzowato si¢ mniejszg zawarto$cig potencjalnie toksycznych
metali w poréwnaniu do pozostatych substratow, jak rowniez bardziej optymalnym dla

wzrostu roslin pH.

Pierwiastki w glebie sg bardziej dostgpne dla roslin, gdy gleba charakteryzuje si¢
nizszym pH, co ma wplyw na biodostepno$¢ i mobilno$¢ pierwiastkOw w matrycy
glebowej oraz na wzrost i rozw9j roslin. Wartosci pH dla podtoza 1 znajdowaly sie w
zakresie od 5,15 do 5,88. W podiozach 2 — 4, ktore zawieraly odpady, pH byto wyzsze w
porownaniu do podtoza 1. Dla podtoza 2 wynosito ono 7,31 — 7,58, dla podtoza 3 7,55 —
7,89 1 dla podtoza 4 7,15 — 7,26. Ogdlnie rzecz biorgc, pH w podtozu 1 obnizylto si¢ w
trakcie trwania doswiadczenia w poréwnaniu do pH poczatkowego. Natomiast w
przypadku pozostatych podtozy odczyn byt bardziej stabilny (tab. 2 w: Gmur i in. 2025a).
Pierwiastki w glebie sg bardziej dostepne dla roslin, gdy gleba charakteryzuje si¢ nizszym
pH, co ma wptyw na biodostgpnos$¢ 1 mobilnos¢ pierwiastkow w matrycy glebowej oraz

na wzrost i rozwdj roslin.

W doswiadczeniu skupiono uwage na akumulacji czterech wybranych REE: La,
Ce, Eu oraz Gd w czg¢$ciach nadziemnych i podziemnych roslin (rysunek 2 i 3). Badania
wykazaly, ze ro§liny gromadza badane metale w wigkszych stezeniach w czeSciach

podziemnych w poréwnaniu do cze$ci nadziemnych.

W czeéciach nadziemnych stezenie La znajdowato si¢ w przedziale 9 pg kg ™' — 311
ng kg !, odpowiednio dla T. martimum (podtoze 3) oraz D. erythrosora (podtoze 1). Dla
Ce zakres wynosit 1 pug kg'' (F. arundinacea, podtoze 2 i 3) — 418 ug kg' (D.
erythrosora, podtoze 1). Dla Eu zawartoSci znajdowaly si¢ na niskim poziomie,
najwyzsza warto$é otrzymano dla D. erythrosora (podtoze 3) i wynosita ona 2 pg kg .

Najwyzszg zawarto$¢ Gd odnotowano dla D. erythrosora (substrat 3) i wynosita ona 4,3

ngkg .
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Rysunek 2 Zawartosci La, Ce, Eu, Gd w czeSciach nadziemnych Achillea millefolium,
Trifolium pratense, Festuca arundinacea, Sinapsis alba, Tagetes sp., Tripleurospermum
martimum i Dryopteris erythrosora rosnacych na czterech podtozach (ug kg-1, srednia +
SD, n=3). Sktad podtozy: poditoze 1 — 95% gleba, 5% kompost; podtoze 2 — 30% popidt
z przemystu papierniczego, 20% kompost, 50% torf; podloze 3 — 30% popidt z
elektrowni, 20% kompost, 50% torf; podtoze 4 — 40% odpad poflotacyjny, 20% kompost,
40% torf. Wartosci oznaczone roznymi literami (a, b, c, itd.) wskazuja na istotne réznice
przy p < 0,05 przy zastosowaniu testu Tukey’a (ANOVA). Puste pola oznaczaja
zawarto$¢ pierwiastkOw ponizej granicy detekcji (Gmur i in. 2025a)
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Gd

REE concentration [pg kgt

- -substrate 1 -substrate 2 .-substrate 3 [ lsubstrate 4

Rysunek 3 Zawartosci La, Ce, Eu, Gd w czesciach podziemnych Achillea millefolium,
Trifolium pratense, Festuca arundinacea, Sinapsis alba, Tagetes sp., Tripleurospermum
martimum i Dryopteris erythrosora rosnacych na czterech podtozach (ug kg-1, srednia +
SD, n=3). Sktad podtozy: podtoze 1 — 95% gleba, 5% kompost; podtoze 2 — 30% popidt
z przemystu papierniczego, 20% kompost, 50% torf; podtoze 3 — 30% popidt z
elektrowni, 20% kompost, 50% torf; podtoze 4 — 40% odpad poflotacyjny, 20% kompost,
40% torf. Wartosci oznaczone roznymi literami (a, b, c, itd.) wskazuja na istotne réznice
przy p < 0,05 przy zastosowaniu testu Tukey’a (ANOVA). Puste pola oznaczaja
zawarto$¢ pierwiastkow ponizej granicy detekcji (Gmur i in. 2025a)

Dla oceny zjawisk pobierania REE 1 ich transportu do cz¢$ci nadziemnych
obliczone zostaty dwa wspotczynniki: wspotczynnik translokacji (TF) 1 wspotczynnik
biokoncentracji (BCF) (tabela 6 i 7). Dla wszystkich badanych roslin BCF byt nizszy niz
1. Najwyzszy wspotczynnik BCF w badaniu otrzymano dla Z. mays, podtoze 1 (La, BCF
=0,10; Ce, BCF =0,10; Eu, BCF = 0,47) oraz dla S. alba, podtoze 4 (Gd, BCF = 0,15).
Kolejnym liczonym wspotczynnikiem, byt TF, dla ktérego wartosci wyzsze niz 1 dla
wszystkich czterech badanych REE otrzymano jedynie dla T. pratense, podtoze 1 (La, TF
=2,00; Ce, TF = 1,78; Eu, TF = 1,05; Gd, TF = 1,00). Uzyskane TF dla powyzszego
gatunku i podtoza byly najwyzszymi uzyskanymi w eksperymencie wynikami dla La i
Eu. Ponadto dla D. erythrosora na podtozu 2 otrzymano najwyzsze TF dla Ce (TF =
1,80) oraz dla Gd (TF = 4,03).
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Tabela 6 Wspotczynnik biokoncentracji (BCF) dla La, Ce, Eu, Gd dla: Achillea
millefolium, Trifolium pratense, Festuca arundinacea, Sinapsis alba, Tagetes sp.,
Tripleurospermum martimum i Dryopteris erythrosora rosnacych na czterech podtozach.
Sktad podtozy: podtoze 1 —95% gleba, 5% kompost; podtoze 2 — 30% popi6t z przemystu
papierniczego, 20% kompost, 50% torf; podtoze 3 — 30% popiot z elektrowni, 20%
kompost, 50% torf; podtoze 4 — 40% odpad poflotacyjny, 20% kompost, 40% torf.
Najwyzsze zawarto$ci BCF zaznaczono pogrubiong czcionkg (Gmur i in. 2025a)

Typ podtoza Gatunek La Ce Eu Gd

Achillea millefolium 0,02 0,02 0,13 0,02

Trifolium pratense L. 0,004 0,006 0,13 0,01

Festuca arundinacea 0,07 0,07 0,40 0,11

- Sinapsis alba 0,08 0,09 0,37 0,11

% Zea mays 0,11 0,10 0,47 0,13
[a WY

Tagetes sp. 0,02 0,02 0,23 0,03

Triplerosperum martimum 0,04 0,04 0,13 0,05

Dryopteris erythosora 0,09 0,07 0,28 0,08

Achillea millefolium 0,06 0,04 0,03 0,04

Trifolium pratense L. 0,09 0,08 0,12 0,06

Festuca arundinacea 0,005 0,005 0,09 0,005

o Sinapsis alba 0,01 0,008 0,05 0,008

;—g Zea mays 0,01 0,01 0,02 0,008
=

Tagetes sp. 0,01 0,01 0,09 0,05

Triplerosperum martimum 0,009 0,009 0,01 0,005

Dryopteris erythosora 0,005 0,01 0,09 0,02

Achillea millefolium 0,001 0,002 0,01 0,0007

% Trifolium pratense L. 0,008 0,004 0,01 0,006

E Festuca arundinacea 0,006 0,006 0,03 0,006
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Sinapsis alba 0,003 0,003 0,008 0,003

Zea mays 0,005 0,006 0,06 0,006

Tagetes sp. 0,005 0,006 0,03 0,006

Triplerosperum martimum 0,008 0,007 0,008 0,007

Dryopteris erythosora 0,01 0,01 0,01 0,008

Achillea millefolium 0,06 0,03 0,12 0,02

Trifolium pratense L. 0,06 0,08 0,18 0,12

Festuca arundinacea 0,09 0,02 0,21 0,02

1 Sinapsis alba 0,02 0,02 0,14 0,15

% Zea mays 0,02 0,02 0,09 0,01
[a W

Tagetes sp. 0,01 0,005 0,11 0,02

Triplerosperum martimum 0,02 0,01 0,06 0,01

Dryopteris erythosora 0,03 0,01 0,27 0,03

Tabela 7 Wspotczynnik biokoncentracji (BCF) dla La, Ce, Eu, Gd dla: Achillea
millefolium, Trifolium pratense, Festuca arundinacea, Sinapsis alba, Tagetes sp.,
Tripleurospermum martimum i Dryopteris erythrosora rosnacych na czterech podtozach.
Sktad podtozy: podtoze 1 —95% gleba, 5% kompost; podtoze 2 — 30% popiodt z przemystu
papierniczego, 20% kompost, 50% torf; podtoze 3 — 30% popiot z elektrowni, 20%
kompost, 50% torf, podtoze 4 — 40% odpad poflotacyjny, 20% kompost, 40% torf.
Najwyzsze zawarto$ci BCF zaznaczono pogrubiong czcionkg (Gmur i in. 2025a)

Typ podioza Gatunek La Ce Eu Gd
— Achillea millefolium 0,80 0,87 1,00 1,00
()
‘N
o
‘“—g Trifolium pratense L. 2,00 1,78 1,05 1,00
[a W
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Festuca arundinacea b.d. 0,01 0,19 b.d.

Sinapsis alba b.d. 0,03 0,22 b.d.

Zea mays b.d. 0,02 b.d. b.d.

Tagetes sp. 0,18 0,21 0,39 0,34

Triplerosperum martimum 0,04 0,06 1,00 0,22

Dryopteris erythosora 1,17 0,97 0,93 0,83

Achillea millefolium 0,54 0,20 b.d. 0,30

Trifolium pratense L. 0,17 0,07 b.d. 0,10

Festuca arundinacea b.d. 0,10 b.d. b.d.

(3 Sinapsis alba b.d. 0,24 b.d. b.d.

;'g Zea mays b.d 0,10 b.d. b.d.
=

Tagetes sp. b.d. 0,22 b.d. b.d.

Triplerosperum martimum 0,13 0,24 b.d. b.d.

Dryopteris erythosora 0,47 1,80 0,25 4,03

Achillea millefolium 0,40 0,83 b.d. b.d.

Trifolium pratense L. 1,13 0,06 b.d. 0,58

Festuca arundinacea b.d. 0,04 b.d. b.d.

CS Sinapsis alba b.d. 0,03 b.d. b.d.

;—g Zea mays b.d. 0,02 b.d. b.d.
=

Tagetes sp. b.d. 0,01 b.d. b.d.

Triplerosperum martimum 0,05 0,01 b.d. b.d.

Dryopteris erythosora 0,24 0,20 0,39 0,63

T Achillea millefolium 0,85 0,16 b.d. 0,29

‘% Trifolium pratense L. b.d. 0,01 b.d. b.d.
=
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Festuca arundinacea b.d. 0,05 b.d. b.d.
Sinapsis alba b.d. 0,12 b.d. b.d.

Zea mays 0,06 0,09 b.d. b.d.
Tagetes sp. b.d. 0,19 b.d. b.d.
Triplerosperum martimum 1,56 0,21 b.d. 0,49
Dryopteris erythosora 0,69 1,16 0,24 1,17

4.3. Ocena efektywnoSci zastosowania chelatow w fitoekstracji REE —

doswiadczenie 2

Prezentowane w tym rozdziale wyniki zostaty opublikowane w artykule Gmur i in.
2025b. Celem badania byta ocena efektywnosci doglebowego zastosowania zwigzkow
chelatujacych CA, EGTA, EDTA na akumulacj¢ REE przez trzy gatunki ro$lin: A.
millefolium, T. pratense, D. erythrosora. W do$wiadczeniu oceniono nastgpujace
parametry: wielko$¢¢ biomasy, odczyn podtoza, poziom akumulacji La, Ce, Eu i Gd oraz

obliczono wspoétczynniki: BCF i TF dla tych metali.

Dodatek chelatow do podtoza wptywal negatywnie na wzrost A. millefolium na
podtozu 1 w poréwnaniu do kontroli, gdzie chelaty nie byly stosowane. Najwigkszy
spadek biomasy odnotowano po zastosowaniu 5 mM EGTA i 5 mM EDTA, odpowiednio
0 22% i 21% w poréwnaniu do kontroli. Natomiast na podiozu 2, dla A. millefolium
zaobserwowano spadek biomasy po zastosowaniu 10 mM CA. Dla T. pratense rosnacej
na podlozu 1 dodanie chelatow wywarlo pozytywny efekt na przyrost biomasy.
Najbardziej stymulujacy okazal si¢ dodatek 5 mM 1 10 mM EDTA, dla ktérego
odnotowano odpowiednio wzrost biomasy o 34% 1 51%. Na podtozu 2 réwniez nie
wykazano znaczacego spadku biomasy. W zwigzku z tym mozna sugerowac, ze dodatki
chelatow do podloza nie wywieraja toksycznego wplywu na wzrost T. pratense.
Zaobserwowano istotne roéznice w reakcji D. erythrosora na dodanie chelatow: 5 mM
EGTA, 5 mM EDTA oraz 10 mM EGTA, gdzie odnotowano wzrost biomasy
odpowiednio 0 22%, 32% i 22% (rysunek 1 w: Gmur i in. 2025b).
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Ocena statystyczna nie wykazata istotnych réznic dla otrzymanych wynikow pH
pomiedzy gatunkami roslin w obrgbie podtozy. Zakres pH dla podioza 1 miescil si¢ w
przedziale 5,6 — 6,6, natomiast dla podtoza 2 7,3 — 7,5. Porownujac wartosci pH do
kontroli, w ktérej nie zastosowano chelatow wnioskuje si¢, ze chelaty przewaznie
obnizaja pH podloza w pewnym stopniu, co mogto mie¢ wpltyw na rozpuszczalno$¢

metali w glebie (tabela 3 i 4: Gmur i in. 2025b).

W kolejnym etapie prac analizie poddano zawarto$¢ wybranych REE: La, Ce, Eu i
Gd w tkankach nadziemnych i1 podziemnych roslin. Analiza wariancji wykazala istotny
wplyw (p < 0,05) gatunku roéliny i rodzaju podloza na zawartos¢ REE w badanych
partiach ros$lin (tabela 8 — 10). Eksperyment wykazal, Ze rosliny rosngce na podtozu 1
charakteryzowaty si¢ wyzszymi zawarto$ciami REE w poréwnaniu do podtoza 2. Mozna
wnioskowac, ze wptyw na wyzszy poziom akumulacji REE przez ro$liny na podtozu 1
miato nizsze pH podloza oraz fakt, ze REE zostaly dodane do gleby w postaci roztworéw,
tworzac wicksza pule tatwo dostepnych dla korzeni metali. Odnotowano rowniez rdznice
w zdolnosci poszczegdlnych gatunkéw roslin do akumulacji REE rosnacych na
podtozach kontrolnych oraz poddanych oddzialywaniu chelatéw. Kolejnos¢ roslin pod
wzgledem akumulacji metali przedstawia si¢ nast¢pujaco: D. erythrosora > T. pratense
> A. millefolium. Dodatkowo zawarto$ci RE byly wyzsze w cz¢éciach podziemnych niz
w czg$ciach nadziemnych. Odnotowano rowniez, ze dodatek chelatow powoduje spadek

zawarto$ci REE w podziemnych czgéciach roslin w porownaniu do kontroli.
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Tabela 8 Zawarto$¢ La, Ce, Eu, Gd (mg kg™) w czesciach nadziemnych Achillea millefolium rosnacego na dwéch podtozach. Sktad
podtozy: podtoze 1 — 95% gleba, 5% kompost; podtoze 2 — 30% popiodt z elektrowni, 20% — kompost, 50 torf (Gmur i in. 2025b)

Chelat Czgéci nadziemne Czesci podziemne

La Ce Eu Gd La Ce Eu Gd
Control | 1,68+0,24 | ab | 1,46+0,36 0,3140,03 | e | 0,95+0,26 | b | 43,59+0,92 | b | 37,40+0,75 23,76+0,33 | ¢ | 45,74+2,82
5mM 1,81+0,15 | ab | 1,67+0,16 0,57+0,02 | de 1,28+0,12 | ab | 37,78+5,39 | cd 29,29+5,76 32,41+4,17 | b | 40,15+2,18

CA

5mM
1,58+0,26 | ¢ | 1,78+0,23 0,67+0,17 | cd 1,46+0,19 | ab | 57,63+0,26 | a 53,15+0,68 41,8442,65 | a | 63,60+3,43

_ EGTA

[0} 5mM
N EDTA 1,81+0,15 | ab | 1,69+0,09 1,50+0,22 | b 3,50+054 | a | 41,40+0,82 | bc | 28,53+2,58 14,76+£1,47 | d | 35,61+0,85

:CO: 10 mM
A~ CA 2,04+0,03 | a | 2,26+0,36 0,72+0,29 | cd 1,43+0,69 | ab | 33,68+0,56 | d 27,23+2.83 19,76+0,08 | cd | 39,70+1,27

10 mM
EGTA 1,71+0,09 | ab | 1,74+1,06 1,05£0,21 | ¢ 2,12+0,10 | a | 39,11+0,63 | bc | 41,90+0,52 20,53+0,51 | ¢ | 34,59+5,09

10 mM
EDTA 2,00£0,09 | a | 2,82+1,06 4,00£0,21 | a 3,70+0,10 | a | 32,56+0,63 | e 43,16+0,52 32,3840,51 | b | 31,37+5,09
Control | 0,04+0,02 | d | 0,10+0,03 0,02+0,01 | f | 0,06£0,03 | ¢ | 0,36+0,01 | f | 0,58+0,0352 0,23+0,06 | e | 0,40+0,04
SmM 0,05+0,02 | d | 0,11+0,02 0,03+0,01 | f 0,06+0,01 | ¢ 0,19+0,01 | f 0,12+0,01 0,12+0,01 | e 0,21+0,01

CA

5mM
0,08+0,02 | d | 0,15+0,03 0,05+0,01 | f 0,13+0,03 | ¢ 0,31+0,08 | f 0,18+0,039 0,05+0,01 | e 0,32+0,34

EGTA

5\ 5mM
[0 0,09+0,03 | d | 0,13+0,05 0,03+0,02 | f 0,08+0,05 | ¢ 0,24+0,03 | f 0,14+0,05 0,05+0,01 | e 0,08+0,01

N EDTA

) 10 mM
n? CA 0,07+0,01 | d | 0,12+0,02 0,04+0,01 | f 0,06+£0,01 | ¢ 0,11+0,01 | f 0,14+0,01 0,04+0,01 | e 0,08+0,01

10 mM
EGTA 0,04+0,01 | d | 0,08+0,01 0,01+0,0001 | f | 0,05+0,005 | ¢ 0,25+0,02 | f 0,27+0,01 0,07+0,02 | e 0,25+0,03

10 mM
EDTA 0,05+0,01 | d | 0,12+0,03 0,02+0,01 | f 0,07+0,02 | ¢ 0,32+0,03 | f 0,34+0,04 0,17+0,03 | e 0,28+0,08

Warto$ci oznaczone roznymi literami (a, b, ¢, itd.) wskazujg na istotne rdznice przy p < 0,05 przy zastosowaniu testu Tukey’a (ANOVA)
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Tabela 9 Zawarto$é La, Ce, Eu, Gd (mg kg™) w czeéciach nadziemnych Trifolium pratense rosnacego na dwoch podtozach. Sktad

podtozy: podtoze 1 — 95% gleba, 5% kompost; podtoze 2 — 30% popiodt z elektrowni, 20% — kompost, 50 torf. (Gmur i in. 2025Db)

Chelat Cze$ci nadziemne Czesci podziemne
La Ce Eu Gd La Ce Eu Gd
Control | 3,98+0,69 3,01+0,39 0,88+0,16 2,47+0,33 42,12+1,77 43,13+3,78 16,16+1,37 39,13+0,28 | bc
5Cm AM 3,63+0,14 2,96+0,04 0,98+0,14 2,71+0,18 35,89+1,54 34,18+1,43 15,19+0,65 37,56+2,00 | ¢
5mM
3,47+0,25 2,50+0,22 1,01+0,17 2,68+0,18 37,45+0,25 35,15+0,68 22.77+2,65 34074342 | ¢
B EGTA
9 5mM
S EDTA | 03 3,0320,23 2,62+0,22 5,28+0,39 40,46+1,30 33,34:2,12 23,110,30 33,66£1,04 | ¢
3
o 10 mM
[ CA 3,56+0,32 2,29+0,19 1,05+0,12 2,26+0,26 60,20+2,18 44,84+1,65 30,13+1,05 51,15+3.45 | a
10 mM
EGTA | 2800 4,010.15 3,70+0,18 5,94+0,01 60,16+4,72 62,22+5,15 45,91:66,40 43,19+2,76 | b
10 mM
EDTA | 2020 3,82:0,36 3,98+0,70 10,20+0,53 32,56:+0,86 43,16£0,42 32,38+1,57 31,3741,54 | d
Control | 0,04+0,01 0,07+0,01 0,02+0,01 0,05+ 0,02 0,42+0,03 0,53+0,02 0.23+0,03 039004 | e
5 Cr:nAM 0,06:0,02 0,09+0,01 0,02+0,01 0,07+0,03 0,48+0,18 0,29+0,06 0,40+0,18 0394006 | e
5mM
EGTA 0,04+0,02 0,10+0,01 0,02+0,01 0,04+0,01 0,25+0,05 0,34+0,06 0,16+0,06 0,1940,05 e
| 5mM
2 0,02+0,01 0,05+0,01 0,01+0,01 0,02+0,01 0,24+0,10 0,14+0,03 0,05:0,01 0.08:002 | e
) EDTA
g | 10mM
~ | ca | 0000 0.08+0,05 0.06+0,07 0,04+0,02 0,62+0,13 0,80+0,13 0,43+0,03 0,78:0,09 | e
10 mM
EGTA 0,04+0,01 0,08+0,01 0,01+0,01 0,03+0,01 0,29+0,06 0,25+0,01 0,10+0,02 0,30£0,06 | e
10 mM
EpTA | 02001 0,05+0,02 0,01+0,01 0,03+0,01 0,32+0,05 0,34+0,01 0,17+0,03 0,28+0,01 | e

Warto$ci oznaczone literami (a, b, ¢, itd.) wykazujg istotne roznice przy p < 0,05 przy zastosowaniu testu Tukey’a (ANOVA).
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Tabela 10 Zawarto$¢ La, Ce, Eu, Gd (mg kg) w czesciach nadziemnych Dryopteris erythrosora rosnacego na dwoch podtozach.
Sktad podtozy: podloze 1 — 95% gleba, 5% kompost; podtoze 2 — 30% popidt z elektrowni, 20% — kompost, 50 torf. (Gmur i in.

2025b)
Chelat Cze$ci nadziemne Cze$ci podziemne
La Ce Eu Gd La Ce Eu Gd
Control | 8.73%0.09 [ d | 7.48+0.79 2.61£0.09 [ b | 3.29+0.10 51.61+0.41 35.152.72 20.15%1.28 4477+237 | a
5mM 9.67£1.99 | ¢ 9.08+1.20 3.60+0.10 4.99+0.33 38.36x1.79 45.114£3.90 29.74+2.09 42.00+£0.75 | ab
CA
5mM 14.66+0.25 | b | 12.30+0.21 3.57£0.08 | a | 6.13£0.30 39.37+5.85 34.24+0.44 22.87+1.11 37.36+£1.82 | b
_ EGTA
g 5mM 9.11£047 | ¢ 6.02+0.28 3.00+0.64 | ab | 2.82+0.03 28.3546.006 27.004£5.23 30.30+1.46 25.40+2.11 c
% EDTA
nc: 10 mM | 23.54+£2.61 | a | 15.24+2.86 3.24+0.36 | ab | 7.71+0.98 49.15+1.64 40.98+1.83 21.28+0.55 42.40+2.99 a
CA
10 mM | 14.66+0.19 | b | 12.30+0.26 3.57+40.14 | a | 6.13+0.53 43.04+1.18 47.33£1.00 20.40+3.17 38.99+0.67 | b
EGTA
10 mM | 12.08+1.21 | bc | 9.00+0.38 1.47£0.26 | ¢ | 4.17+0.19 54.56+1.67 46.560.46 28.94+4.01 3727+2.05 | b
EDTA
Control | 0.14£0.02 | e | 0.22+0.04 0.0120.01 0.03+0.01 0.25+0.03 0.47+0.01 0.03+0.01 0.1120.03
5mM 0.30+£0.05 | e 0.31+0.04 0.16+0.06 0.18+0.06 0.18+0.06 0.28+0.01 0.04+0.01 0.07+0.001
CA
5mM 0.25+0.03 | e 0.24+0.04 0.03+0.01 | d 0.09+0.07 0.13+0.02 0.32+0.01 0.02+0.01 0.05+0.01 d
EGTA
S | 5mM | 050:0.13 | e | 0.68+0.10 0.02+0.01 | d | 0.04+0.01 0.13+0.03 0.22+0.02 0.03+0.01 0.03+0.001 | d
S | EDTA
2 [ 10mM | 0812031 [ e | 094022 0.14£0.10 | d | 0.33x0.04 0.15+0.02 0.32+0.02 0.06+0.02 0.07£0.01 | d
[a W
CA
10mM | 0.21+0.05 | e | 0.39+0.01 0.03+0.01 | d | 0.09+0.01 0.12+0.01 0.30+0.01 0.02+0.01 0.05+0.01 | d
EGTA
10 mM | 036005 | e | 0.55+0.07 0.040.01 | d | 0.07+0.02 0.1820.02 0.3620.07 0.06=0.03 0.1120.03 | d
EDTA

Wartosci oznaczone literami (a, b, c, itd.) wykazuja istotne rdznice przy p < 0,05 przy zastosowaniu testu Tukey’a (ANOVA).
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Wspotczynniki TF 1 BCF zostaty przedstawione na rysunku 4 i 5. W doswiadczeniu
z zastosowaniem chelatoéw nie uzyskano BCF wyzszego niz 1 dla badanych roslin.
Najwyzszy wskaznik BCF = 0,28 uzyskano dla D. erythrosora po zastosowaniu 10 mM
CA w podtozu 1. Dla Ce najwyzszy BCF rowniez uzyskano dla D. erythrosora (podtoze
1) po zastosowaniu chelatoéw: 5 mM i 10 mM CA oraz 10 mM EDTA, ktory wynosit dla
kazdego 0,19. Dla Eu najwyzszy BCF = 0,22 odnotowano dla podtoza 2 dla T. pratense
w obecnosci 10 mM CA. Natomiast dla Gd najwyzszy BCF, ktory wynosit 0,23
otrzymano dla A. millefolium rosngcego w podtozu 1 po aplikacji 5 mM EGTA.

Wspotczynnik TF w niniejszym doswiadczeniu wyzszy niz 1 otrzymano tylko dla
D. erythrosora i A. millefolium, ktore rosty w podlozu 2. Najwyzszy TF w calym
eksperymencie, ktory wynosit 5,40 odnotowano dla La dla D. erythrosora (podtoze 2) po
aplikacji 10 mM CA. Dla Ce najwyzszy TF (3,09) odnotowano dla tej samej rosliny
(podtoze 2) po zastosowaniu 5 mM EDTA. Réwniez dla D. erythrosora (podtoze 2) po
zastosowaniu 10 mM CA odnotowano najwyzszy wskaznik TF = 4,00 dla Eu. Dla Gd
najwyzsze TF = 1,00 otrzymano dla A. millefolium uprawianego na podtozu 2, po
zastosowaniu 5 mM EDTA. Dodatkowo dla tej rosliny rosngcej na podtozu 2 otrzymano
TF = 1,00 po aplikacji 10 mM CA (rys. 4 i 5). Miedzy zastosowanymi podtozami oraz
gatunkami ros$lin mozna zauwazy¢ wyrazne roznice w wartosciach TF. Wartosci TF dla

podtoza 2 wzrastaly w nastepujacej kolejnosci D. erythrosora > A. millefolium > T.
pratense (Gmur i in. 2025b).
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Rysunek 4 Wspotczynnik biokoncentracji (BCF) dla La, Ce, Eu i Gd dla Achillea
millefolium, Trifolium pratense, Dryopteris erythrosora rosngcego w dwoch podtozach.
Sktad podiozy: podloze 1 — 95% gleba, 5% kompost; podloze 2 — 30% popiodt z
elektrowni, 20% — kompost, 50 torf. Oznaczenia: La-1, Ce-1, Eu-1, Gd-1 oznaczaja
zawartos$¢ La, Ce, Eu, Gd w podtozu 1 oraz La-2, Ce-2, Eu-2, Gd-2 oznaczajg zawartos$¢

La, Ce, Eu, Gd w podtozu 2 (Gmur i in. 2025b)
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Rysunek 5 Wspoétczynnik translokacji (TF) dla La, Ce, Eu i Gd dla Achillea millefolium,
Trifolium pratense, Dryopteris erythrosora rosngcego w dwoch podtozach. Sktad
podtozy: podtoze 1 — 95% gleba, 5% kompost; podtoze 2 — 30% popiot z elektrowni, 20%
—kompost, 50 torf. Oznaczenia: La-1, Ce-1, Eu-1, Gd-1 oznaczaja zawarto$¢ La, Ce, Eu,
Gd w podtozu 1 oraz La-2, Ce-2, Eu-2, Gd-2 oznaczajg zawarto$¢ La, Ce, Eu, Gd w
podtozu 2 (Gmur i in. 2025b)
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5. DYSKUSJA

Szybki wzrost eksploatacji surowcow mineralnych oraz zastosowanie REE we
wspotczesnym przemysle moze znaczaco przyczyni¢ si¢ do wzrostu tych metali w
srodowisku. Wyzsze zawartosci REE w ekosystemach pojawiaja si¢ na skutek
wzmozonej dziatalno$ci przemystowej czy gorniczej, a takze na obszarach znajdujacych
si¢ w poblizu duzych miast (Ramos i in. 2016). W niniejszym badaniu wykazano, ze
wyzsze zawartosci pierwiastkow ziem rzadkich byty zawarte w probkach pochodzacych
z popiotéw lotnych oraz gleb, pobranych z rejonow przemystowych. Podwyzszone
zawarto$ci REE w tych glebach moga pochodzi¢ zaréwno z nieco wyzszych ilosci tych
pierwiastkéw w skale macierzystej gleb na tym terenie (przyczyny naturalne), jak i opadu
pylow przemystowych zawierajacych pewne ilosci REE. W literaturze skupiano si¢ na
analizie potencjatu zasobowego i ekonomicznego ekstrakcji REE z produktow ubocznych
przemystu i zréodet wtéornych. Wywnioskowano, ze zawarto$ci metali w zrédlach
wtornych sg w stanie zaspokoi¢ globalny popyt nawet przy niskich wartosciach
wydobycia. Jako cenne pod tym wzglgdem zrodta proponowano: fosfogips, popiot
weglowy oraz czerwony szlam z produkcji aluminium (Gaustad i in. 2021). Lisiak-
Zielinska i in. (2024) badali zawarto$¢ REE w trzech miastach w Polsce wybranych pod
wzgledem wielko$ci. Najwyzsze zawartosci REE (33,4 do 92,7 mg kg™!) otrzymano dla
Poznania (duzego miasta), dodatkowo dowiedziono, ze zawarto$¢ tych metali jest
bardziej zwigzana ze specyficznymi warunkami gospodarczymi i przestrzennymi miast
oraz uzytkowania gruntow niz z wielkos$cig miasta czy iloscig mieszkancoéw. Karczewska
11n. (2018) badali koncentracj¢ szesciu lantanowcow: La, Ce, Pr, Nd, Sm 1 Gd w glebach
z wybranych rejonéw gorniczych w Polsce. Wykazano, Zze maksymalne steZenie
lantanowcow z gleby pobranej w obszarze Srebrnej Gory jest 2,6 — 2,9-krotnie wyzsze
niz globalne tto okres$lone dla skorupy ziemskiej. Dodatkowo wywnioskowano, Ze sg to
na tyle niskie stezenia, ktore nie stwarzajg ryzyka dla srodowiska. W innym
do$wiadczeniu badano popioty pochodzace z 5 zrédet w Japonii: popiotow z odpadow
spozywczych, popiotow z odpadow zwierzgcych, popiotow z odpadéw ogrodniczych,
popiotow z osadow $ciekowych oraz popioldow paleniskowych ze spalarni. Zakres
catkowitego REE znajdowat sic w przedziale 54 do 130 mg kg (Zhang i in. 2001).
Franus i in. (2015) badali popioty lotne pod wzgledem zawartosci REE z dziesigciu
polskich elektrowni. Stwierdzono, ze surowce charakteryzuja si¢ stosunkowa wysokimi

koncentracjami metali ziem rzadkich i mozna je uznac¢ jako obiecujace surowce REE. W
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innych badaniach jako potencjalne zrodto REE wzigto pod uwage odpady komunalne
oraz odpady handlowe i przemystowe. Otrzymane stezenia wynosity do 58 mg kg™ REE,
co jest do$¢ niskim stezeniem w poréwnaniu do stezen znajdujacych si¢ w rudach i nie

pozwala na optacalng ekstrakcje dla odzysku komercyjnego (Gutiérrez-Gutiérrez 2015).

Planujac fitoremediacj¢ obszaru wazne jest aby wzigé¢ pod uwage par¢ czynnikow
wptywajacych na sukces procesu. Jednym z nich jest wielko$¢ biomasy wykorzystanych
gatunkéw roslin. W niniejszym do$§wiadczeniu najwiekszy przyrost biomasy uzyskano
dla Z. mays oraz dla T. pratense. W obu przypadkach wigkszy wzrost roslin odnotowano
dla podtoza zawierajacego glebe w poréwnaniu do pozostalych substratow na bazie
odpadow przemystowych. Gleba wzbogacona o kompost zapewniata lepsze warunki
wzrostu roslin, poza S. alba, niz podtoza uzyskane na bazie odpadow przemystowych,
przy czym réowniez na tych podiozach przyrosty biomasy byty w wielu przypadkach

zadowalajace, pomimo wyzszego pH podtoza od optymalnego dla tych gatunkow roslin.

Kluczowym czynnikiem, decydujacym o rozpuszczalnosci oraz biodostepnosci
metali w srodowisku glebowym jest odczyn pH. Czynnik ten wptywa na wiele procesow
biogeochemicznych w glebie, ktére nastgpnie oddziatujg na wzrost i rozwdj roslin, w tym
dostepno$¢ lub mobilno$é pierwiastkow. Dotychczasowe badania wykazaty, ze jesli
warto$¢ pH spadnie ponizej 6,0 rozpuszczalnos¢ 1 biodostepnos¢ metali wyraznie wzrasta
(Netty i in. 2016). Gdy podtoze charakteryzuje si¢ nizszym odczynem pH, metale maja
tendencje do wigkszej rozpuszczalnosci ze wzgledu na wysoka desorpcje oraz niska
adsorpcje. Natomiast wraz ze wzrostem pH wzrasta tendencja do adsorpcji metali,
poczawszy od ograniczonej adsorpcji przez sktadniki gleby do prawie catkowitej
adsorpcji w waskim zakresie pH, nazywanym krawedzig adsorpcji pH. Doniesienia w
literaturze wskazuja na $cista zalezno$¢ pomiedzy wzrostem pH gleby a spadkiem
rozpuszczalno$ci wiekszosci pierwiastkow (Clemente i in. 2003, Neina i in. 2019). W
niniejszym badaniu podtoza z dodatkiem gleby odznaczaly si¢ nizszym 1 bardziej
optymalnym dla wzrostu roslin pH w poroéwnaniu do substratow na bazie odpadow
przemystowych. Dodatkowymi czynnikami, ktére mogly ogranicza¢ wzrost i rozwoj
ro$lin oraz akumulacj¢ przez nie metali bylty: niekorzystny sktad mechaniczny popiotu,
wysokie stezenia potencjalnie toksycznych pierwiastkéw (takich jak: As, B, Cd, Cu, Hg,
Mn, Mo, Pb) oraz potencjalnie niedobory sktadnikéw odzywczych, takich jak azot czy
fosfor w formach dostgpnych dla roslin (Xu 1 in. 2006).
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W przeprowadzonym doswiadczeniu bez dodatku chelatow rosliny akumulowaty
dos¢ mate ilosci REE. Dodatkowo wigksze stezenia byly akumulowane w czgéciach
podziemnych w porownaniu do czeSci nadziemnych. Dystrybucja metali mig¢dzy
gléwnymi organami ro$lin naczyniowych jest na ogot zrdznicowana. Zazwyczaj
zawarto$¢ metali rozktada si¢ nastepujaco: korzenie > pedy > liscie (Challaraj i in. 2019).
Pierwiastki ziem rzadkich moga by¢ akumulowane przez korzenie ze wzgledu na
podobne promienie jonowe, ktore dziela z wapniem. Metale te mogg zastgpowac
czasteczki Ca w kilku procesach fizjologicznych, odpowiedzialnych migdzy innymi za
wzrost 1 rozwoj roslin (Carpender i in. 2015). Sugeruje si¢, ze niskie stezenia metali ziem
rzadkich mogg oddziatywac stymulujgco na wzrost roslin, podczas gdy wysokie stezenia
maja negatywny wplyw na rozwoj ro$lin i fitoekstrakje metali. Na podstawie przegladu
literatury mozna wywnioskowac, ze istnieja ograniczone dane na temat wptywu roznych
zawarto$ci REE na roéliny, co utrudnia porownanie fitoekstrakcji metali przez roézne
gatunki ro$lin (Zulfigar i in. 2019). Przyktadowo wykazano, ze La moze indukowaé
hormezg¢ u Glycyice max L., Oryza sativa L. oraz Vicia faba L. (Agathokleus i in. 2019).
Stezenia REE w pospolitych roslinach w warunkach naturalnych sa zazwyczaj niskie 1
wynosza zazwyczaj 102 — 107 pg g s.m. Jednak na obszarach gérniczych poziom
pierwiastkéw ziem rzadkich w organach ro$lin jest wyzszy ze wzgledu na wyzsza
zawarto$¢ metali w tych obszarach (Liu i in. 2021). Dodatek odpadow przemystowych
nie zwigkszyl poziomu akumulacji REE w roslinach. Podobne wyniki uzyskano w
badaniach z dodatkiem popiotu lotnego (He 1 in. 2019), gdzie podmiotem badan byty dwa
gatunki roslin: lucerna siewna (Medicago sativa L.) oraz wyka mleczna (Astragalus
adsurgens Pall.). Stwierdzono, ze dodanie popiotu lotnego do gleby nie zawsze wptywa
stymulujaco na wzrost akumulacji REE w roslinach w poréwnaniu do roslin rosnacych

na glebie.

Le Jean i in. (2023) prowadzili badania nad pobieraniem wybranych REE z gleby
przez Dryopteris erythrosora. Wykazano, ze papro¢ akumulowata: La 11,79 mg kg
s.m., 39,41 mg kg~! s.m. i Gd 1,05 mg kg~! s.m. Wartosci te byly wyzsze od zawarto$ci
REE zmierzonych w niniejszych badaniach. Innym przykladem naturalnego
hiperakumulatora pierwiastkéw ziem rzadkich jest Dicranopteris linearis.
Doswiadczenie przeprowadzone w potudniowych Chinach wykazato, ze D. linearis jest
zdolna do akumulacji ponad 1000 mg kg REE z zaréwno wzbogaconego jak i

niewzbogaconego podtoza. Obliczony BCF dla paproci miescit si¢ w przedziale 1,11 do
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14,8, a TF 1,31 do 19,6 (Liu i in. 2021). Nalezy przypuszczac, ze ekotyp D. linearis
wykorzystany w badaniach Liu 1 in. (2021) miat wigksze naturalne zdolnosci do
akumulacji REE. Natomiast Phytolacca americana L., bylina naturalnie rosngca w
obszarze wydobycia pierwiastkow ziem rzadkich (kopalnia REE z absorpcja jonow)
akumulowata do 1040 mg kg ! tych pierwiastkow w swoich lisciach (Yuan i in. 2018).
Grosjean i in. (2019) skupili swoje badania na rodzaju Phytolacca pod wzgledem ich
reakcji na pierwiastki ziem rzadkich. Zauwazono, ze REE nie wywiera szkodliwego
wptywu na rosliny, ktore akumulujg w swoich cze$ciach nadziemnych metale, w zwigzku
z tym zaproponowano Phytolacca jako gatunek uzyteczny w fitoremediacji terenow
skazonych metalami ziem rzadkich. Azizi i in. (2023) skupili swoje badania na czterech
gatunkach roslin Salsola oppositifolia, Stipa tenacissima, Piptatherum miliaceum i
Artemisia herba-alba rosngcych w poblizu kopalni rud Pb, Ag i Zn. Wykazano, ze
powyzsze gatunki, z wyjatkiem A. herba-alba nie sg zdolne do fitoekstrakcji REE, jednak
maja potencjat fitostabilizacyjny.

Oceniajac bezposrednie efekty zastosowanych chelatow (CA, EGTA, EDTA) na
wzrost roslin oraz akumulacje REE, trudno jest wyciagnaé¢ jednoznaczne wnioski. Efekty
byly specyficzne dla roslin. Przykladowo przeglad dostepnej literatury dostarcza
niejednoznacznych informacji na temat wptywu EDTA na wzrost roslin, poniewaz
zglaszano zarowno efekty toksyczne, jak i ochronne (Saleem i in. 2020). Nasze dane
sugeruja, ze dawki zastosowanych chelatow (5 mM 1 10 mM) generalnie nie s szkodliwe
dla badanych gatunkow roslin, jednak wrazliwos$¢ roslin moze by¢ rézna. A. millefolium
zareagowal niewielkim spadkiem biomasy, rozwd) T. pratense zostal pobudzony
wprowadzeniem chelatow, gdy rost w glebie, a reakcja D. erythrosora byta specyficzna

dla chelatu.

Naturalne oraz syntetyczne chelaty s3 szeroko stosowane w technikach
fitoremediacyjnych w celu zwigkszenia biodostgpnosci metali, a w konsekwencji
ekstrakcji i translokacji metali do pedu (Novo i in. 2017). W badaniach Ozaki i in. (2002)
po dodaniu chelatéw: NTA, kwasu mlekowego i kwasu bursztynowego do pozywki
zawierajacej Y, Ce, Pm, Eu, Gd, Lu i Yb zawarto$¢ metali w D. erythrosora wzrosta w
porownaniu do kontroli. Nawaz i in. (2022) zbadali przydatnos¢ Brassica napus w
fitoremediacji Ni przy uzyciu dwoch chelatorow: 10 mM CA i 1,5 mM EDTA. Badania

wykazaly wigkszg akumulacj¢ metalu przez ro$liny traktowane EDTA w poroéwnaniu do
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CA. Ponadto wykazano, ze dodatek chelatow tagodzil toksyczne dziatanie Ni na rzepak.
Ibrahim (2023) badat wptyw kwasu cytrynowego (CA) na zdolnosci fitoekstrakcyjne dyni
(Cucurbita pepo L.) w glebach zanieczyszczonych metalami ciezkimi. Zastosowanie CA
znaczgco poprawiato wzrost roslin, ich biomase 1 pobieranie metali cigzkich. W innych
badaniach wzbogacenie gleby niskoczasteczkowymi kwasami organicznymi:
histydynowym, jabtkowym i cytrynowym zwigkszylo st¢zenie lekkich REE u D.
dichotoma o 21 — 78% w poréwnaniu z grupg kontrolng (Shan i in., 2003). Kolejne
badania skupily si¢ na wptywie kwasu asparaginowegoaspartanowego, asparaginy,
histydyny 1 kwasu glutaminowego na transport z ksylemu La 1 Y na dluzsze odleglosci w
tkankach P. americana L. Dodatkowo badano oddzialywanie powyzszych zwiazkow na
pomidor . Wykazano, ze kwas asparaginowy aspartanowy 1 asparagina zwigkszyly
zawarto$¢ La o 449 pg i 139 pug w pordwnaniu do P. americana (Wu i in.2013). Na
podstawie przegladu literatury mozna stwierdzié¢, ze stosowanie chelatow zwicksza
mobilno$¢ pierwiastkow w glebie, co moze powodowaé¢ ich wymywanie do wod
gruntowych. Podobne zjawisko moze dotyczy¢ samych chelatow, ktére moga
oddziatywaé niekorzystnie na jakos¢ wod 1 wrazliwe organizmy zywe. Dlatego
rekomendowane byloby stosowanie chelatow wytacznie w kontrolowanych systemach,
takich jakie zostaty zastosowane w przedstawianych badaniach, w ktorych nie nastepuje

wymywanie pierwiastkow i chelatow do wod gruntowych.

Aby oceni¢ zdolno$¢ rosliny do pobierania metali obliczany jest wspotczynnik
biokoncentracji (BCF). Jest to stosunek pomig¢dzy st¢zeniami pierwiastkow w tkankach
rosliny (korzenie, pedy) a zawartosciag w podtozu, w ktorym rosnie roslina. Kolejnym
wspoélczynnikiem uzytecznym w ocenie fitoekstrakeji jest wspdtczynnik translokacji
(TF). To parametr definiujacy wydajnos¢ rosliny w przenoszeniu metali z korzeni do
pedow. Jesli stosunek zawarto$ci metali w korzeniu do innych organéw rosliny oraz
stosunek zawartosci metali w tkankach ros$linnych do podtoza sg wigksze od 1, rosling
mozna sklasyfikowac¢ jako szczegodlnie przydatng do fitoekstrakcji, ze wzgledu na wysoka
efektywnos¢ procesu. W praktyce mozliwe jest zebranie 1 usuniecie z miejsca
nadziemnych czgs$ci rosliny, w ktérych gromadzg si¢ metale oraz ich odzysk (Krgovi¢ i
in. 2015). W eksperymentach najwyzszy wspotczynnik TF obliczono dla D. erythrosora,
zaliczanego do paproci. Wykazano, ze paprocie sg bardziej odporne na toksyczne
oddziatywanie lantanowcéw w poréwnaniu do innych grup ro$lin. Ponadto system

korzeniowy paproci uwalnia do matrycy glebowej kwasy organiczne (m. in. kwas
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cytrynowy czy kwas jabtkowy), ktore wspomagaja rozpuszczalnos¢ REE, sprawiajac, ze
sa bardziej dostgpne dla roslin (Tyler 2004). Dodatkowo La ma korzystny wptyw na
wzrost D. erythrosora i jest magazynowany w komorkach mezofilu. Dotychczas
wykazano, ze u paproci pierwiastki ziem rzadkich sg transportowane z korzeni do lisci za
posrednictwem soku ksylemowego, a nastepnie magazynowane w ukladzie

naczyniowym ksylemu (Ozaaki i in. 2000).

Innym gatunkiem ro$liny, dla ktorej otrzymano wspotczynnik TF > 1 byta T.
pratense, jednak po zastosowaniu chelatow w doswiadczeniu 2 wspotczynnik TF byt
nizszy niz 1. W badaniach Cakaj i in. (2023) zastosowano T. pratense w fitoremediacji
metali cigzkich na obszarze miejskim. Wyliczony zostal TF, ktéry byt wyzszy niz 1 dla
Cr (7,42 1 1,95) oraz Ni (4,03 i 1,99). Rosliny w niniejszym eksperymencie nie
wykazywaty znacznej zdolno$ci do dystrybucji metali pomig¢dzy organami. W wigkszo$ci
przypadkoéw akumulacja REE pozostawata na poziomie cz¢$ci podziemnych roslin, za
wyjatkiem D. erythrosora na podtozu 2 po dodaniu chelatow, dle ktorej TF w wigkszosci

przypadkow byt wyzszy od 1.

Podobnie wartosci BCF byty niskie dla catego doswiadczenia, co §wiadczy o
utrudnieniach w pobieraniu metali z podtoza przez rosliny. W badaniach Zhang i in.
(2023) wykazano, ze stezenia REE u Tagetes erecta L. miescity si¢ w przedziale 0,75 —
20,26 mg kg . Dodatkowo zostat obliczony wspétczynnik BCF, ktéry dla REE byt nizszy

niz 1. Potwierdza to wyniki uzyskane dla Tagetes sp. w doswiadczeniu 1.

W doswiadczeniu 1 dodanie odpadéw przemystowych do podtozy, mimo wyzszej
zawartosci REE w porownaniu do podioza zawierajacego glebe, nie miato stymulujacego
wplywu na akumulacj¢ REE przez ro$liny. Na niskie warto$ci uzyskanych
wspotczynnikéw prawdopodobnie wptyneto kilka czynnikow, w tym zasadowe pH
substratu, potencjalna toksyczno$¢ innych metali, konkurencja ze strony skladnikéw
odzywczych 1 innych metali oraz inaktywacja REE przez zwigzki Zelaza lub glinu.
Ponadto metale ziem rzadkich wedtug aktualnego stanu wiedzy nie sa niezbedne dla
ro$lin. Pobieranie i akumulacja REE zaleza od gatunku ro$liny i jej morfologii
(Kotelnikova 1 in. 2021). Dodatek chelatow do podioza réwniez nie poprawiat
szczegOlnie wyraznie pobierania 1 akumulacji REE przez ro$liny. Zdecydowanie

najwyzsze zawartoS§¢ REE w roslinach zaobserwowano w przypadku gleby, do ktorej
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wprowadzono REE w postaci soli, w wyniku czego dostgpno$¢ REE dla roslin byta o
wiele wyzsza niz w przypadku innych podtozy. Taka dostepnos¢ trudno bytoby uzyskaé
w warunkach rzeczywistych lub przy wykorzystaniu badanych odpadéw przemystowych,
jednak wariant ten dostarczyt informacji, ze badane rosliny nic wykazuja objawow
toksycznosci REE na poziomach ich zawartosci siegajacych 40 — 60 mg danego

pierwiastka na kg s.m. ro$liny.
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. WNIOSKI

Sposrod badanych odpadéow najwyzsze zawarto$ci pierwiastkow ziem rzadkich
wykazano w popiotach lotnych z sektora energetycznego, ktére przedstawiaja

najwickszg wartos¢ jako wtorne zrédto REE.

. Rosliny pobieraja pierwiastki ziem rzadkich w sposéb zréznicowany, zaleznie od
gatunku lub zastosowanego podloza. Najefektywniejsza rosling pod wzgledem
akumulacji REE okazala si¢ D. erythrosora, w ktorej zmierzono wyzsze
zawarto$ci REE 1 charakteryzowata si¢ wyzszymi wskaznikami TF 1 BCF niz

pozostate rosliny.

. Rodzaj podtoza i zrédto REE wptywajg istotnie na pobieranie i akumulacje REE
przez ro$liny. Zdecydowanie najwieksza akumulacj¢ REE w ro$linach wykazano
w przypadku podtoza glebowego wzbogaconego w REE w postaci roztwordéw soli
tych pierwiastkdw. Testowane rosliny wykazywaly najwigksza biomase rowniez
przy zastosowaniu podtoza glebowego, cho¢ obserwowany rozwo6j roslin na
podtozach wytworzonych z odpadéw nie wyklucza wykorzystania réwniez tego

typu podiozy w procesach fitoodzysku.

. Zawarto$¢ akumulowanych REE w roslinach byla z reguly wyzsza w

podziemnych czgsciach roslin w poroéwnaniu do partii nadziemnych.

. Zastosowane chelaty: CA, EGTA 1 EDTA oddzialywaly specyficznie dla danego
gatunku rosliny i uzytego substratu. Wykazano, ze chelaty moga zwigkszac
poziom akumulacji REE w roslinach, jednak efekt ten nie jest jednakowy dla
wszystkich roslin. Dalsze prace powinny koncentrowa¢ si¢ na doborze
optymalnych chelatéw i ich dawek dla poszczegdlnych roslin. Nalezy rowniez
poszukiwa¢ odpadow o wyzszych zawarto§ciach REE oraz metod tworzenia
podlozy zapewniajacych bardziej sprzyjajace warunki do pobierania REE przez

rosliny, np. o nizszym pH.

. Najwyzszy wskaznik BCF po dodaniu chelatow uzyskano dla T. pratense (Gd, 5
mM EGTA, podtoze 1), natomiast wskaznik TF = 5,42 dla D. erythrosora (La, 10
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mM CA, podtoze). Wspotczynniki biokoncentracji (BCF) i translokacji (TF) w
przedstawionych badaniach dla wigkszosci roslin wynosity ponizej 1, co
wskazuje, ze testowane rosliny nie posiadajg specyficznych wilasciwosci do
gromadzenia duzych ilosci REE przy ich wuprawie na podiozach
charakteryzujacych si¢ niska dostepnoscia REE. Zawartosci RE w roslinach
wykazane w przypadku podloza glebowego wzbogaconego solami REE
wskazuja, ze testowane rosliny tolerujg do$¢ wysokie zawartosci tych

pierwiastkow w nadziemnych cze$ciach.
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8. STRESZCZENIE W JEZYKU POLSKIM

Ocena wystepowania pierwiastkow ziem rzadkich w glebach i odpadach oraz

mozliwosci ich odzysku w procesie fitoekstrakcji

Stowa Klucze: pierwiastki ziem rzadkich, fitoekstrakcja, zanieczyszczenie gleby,

technika fitoremediacyjna, fitoekstrakcja wspomagana chelatami

Pierwiastki ziem rzadkich (REE- rare earth elements) to grupa 17 pierwiastkow, w
sktad ktorych wchodzi 15 lantanowcow oraz 2 skandowce. Ze wzgledu na szeroki zakres
wykorzystania metali w dziedzinach, takich jak nowoczesne technologie, przemyst,
medycyna czy rolnictwo, REE zostaly zakwalifikowane przez Uni¢ Europejska jako
materiaty krytyczne (CRM- critical raw materials).

Aktualnie w celu pozyskania REE wykorzystuje si¢ tradycyjne metody
wydobywcze. Wskutek tego wzrasta zainteresowanie naturalnymi metodami
pozwalajacych na odzyskiwanie REE ze $rodowiska. Do takich metod sg zaliczanie
techniki fitoremediacyjne. Niniejsza praca skupia si¢ na jednej z technik
fitoremediacyjnych — fitoekstrakcji. Technika ta wykorzystuje rosliny do odzyskiwania

metali z podtoza.

Hipoteza badawcza zaktadata, ze alternatywnym zrodiem REE w $rodowisku moga
by¢ sktadowiska réznych typow odpadow przemystowych. Z kolei zastosowanie
odpowiednich gatunkéw roslin oraz dodatkdéw utatwiajacych pobieranie REE z podloza
moze prowadzi¢ do opracowania optymalnych sposobow fitoekstrakcji tych
pierwiastkow z réznych podtozy. Gtownym celem badan byto okreslenie efektywnosci
fitoekstrakcji pierwiastkow ziem rzadkich (REE) z gleby oraz odpadéw przemystowych

przez wybrane gatunki roslin.

Badania bylo podzielone na trzy etapy. W pierwszym etapie okre§lono zawartosci
REE w odpadach i reprezentatywnych glebach. Nastgpnie w pierwszym doswiadczeniu
szklarniowym badano roznice w akumulacji REE przez ro$liny: krwawnik pospolity
(Achillea millefolium L.), maruna bezwonna (Tripleurospermum maritimum (L.) W.D.J.

Koch), kostrzewa trzcinowa (Festuca arundinacea Schreb.), nagietek (Tagetes sp.),
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kukurydza (Zea mays), gorczyca biata (Sinapsis alba), koniczyna takowa (Trifolium
pratense L.) oraz narecznica czerwonozawijkowa (Dryopteris erythrosora (D.C.Eaton)
Kuntze) uprawianych na glebie oraz podtozach, ktorych gtownymi komponentami byty
popiot lotny oraz odpad poflotacyjny. W drugim do$§wiadczeniu szklarniowym uwagge
poswigcono okresleniu efektywnosci pobierania i akumulacji REE przez: A. millefolium,
T. pratense i D. erythrosora przy doglebowym zastosowaniu chelatow: CA, EGTA oraz
EDTA. W tym eksperymencie zastosowano dwa podloza, pierwsze zawierajgce glebe
wzbogacong chlorkami lantanowcow oraz drugg zawierajgca popiot lotny, wymieszany z

kompostem i torfem.

Najwyzsze zawartosci REE zaobserwowano w popiotach lotnych i glebach a nizsze
w osadach $ciekowych i zuzlach. W doswiadczeniach szklarniowych rosliny wykazaty
wieksze zawartosci REE w podziemnych partiach w poréwnaniu do czg¢$ci nadziemnych.
Wykazano, ze rodzaj podtoza i zrédto REE wptywaja na pobieranie i akumulacje REE
przez rosliny. Dodatkowo wzrost ros§lin oraz akumulacja pierwiastkow byly nieco
bardziej wydajne w podlozach zawierajacych gleb¢ niz te, ktorych glownymi
komponentami byly odpady przemystowe. Rosliny pobieraty dosy¢ niewielkie ilo$ci
REE. Dodatek chelatow nie wzmocnit znaczaco akumulacji metali i byt specyficzny dla
gatunku rosliny 1 uzytego substratu. Najefektywniejsza rosling w catym doswiadczeniu
byta D. erythrosora, ktorej wyliczone wspotczynniki biokoncentracji (BCF) i translokacji
(TF) byty wyzsze niz u pozostatych roslin. Z reguty wyliczone wskazniki BCF i TF bytly
mniejsze niz 1 dla wigkszosci badanych gatunkéw roslin. Najwyzszy wskaznik BCF =
0,47 uzyskano w pierwszym doswiadczeniu szklarniowym dla Zea mays rosnacej na
podtozu 1. Najwyzszy wskaznik TF uzyskano w drugim do$wiadczeniu szklarniowym

TF =5,42 dla D. erythrosora (La, 10 mM CA, substratl).

Przeprowadzone badania dostarczyly wielu nie istniejacych wczesniej informacji
na temat pobierania oraz akumulacji pierwiastkow ziem rzadkich przez ro$liny,
uwzgledniajac poszczegodlne gatunki i rodzaje podtozy. Informacje sg cennym zrodtem i
przedmiotem do dalszych badan w tym kierunku. Dalsze prace powinny koncentrowac
si¢ na doborze optymalnych chelatow i ich dawek dla poszczegdlnych roslin. Nalezy
rowniez poszukiwa¢ odpadow o wyzszych zawartosciach REE oraz metod tworzenia
podiozy zapewniajacych bardziej sprzyjajace warunki do pobierania REE przez rosliny,

np. o nizszym pH.
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9. STRESZCZENIE W JEZYKU ANGIELSKIM

Evaluation of the occurence of rare earth elements in soils and waste and

potential for their recovery through phyto-extraction

Keywords: rare earth elements, phytoextraction, contaminated soil, phytoremediation

technique, chelate assisted phytoextraction

Rare earth elements (REE) are a group of 17 elements, which include 15 lanthanides
and 2 scandiums. Due to the wide range of metal use in areas such as modern
technologies, industry, medicine and agriculture, REE have been classified by the

European Union as critical raw materials (CRM).

Currently, traditional mining methods are used to extract REE. As a result, there
is a growing interest in finding natural methods that allow for the recovery of REE from
the environment. Such methods include phytoremediation techniques. This paper focuses
on one of the phytoremediation techniques — phytoextraction. This technique uses plants
to recover metals from the substrate.

The research hypothesis assumed that an alternative source of REE in the
environment may be landfills of various types of industrial waste. In turn, the use of
appropriate plant species and additives facilitating the uptake of REE from the substrate
may lead to the development of optimal methods of phytoextraction of these elements
from various substrates. The main objective of the study was to determine the efficiency
of phytoextraction of rare earth elements (REE) from soil and industrial waste by selected

plant species

The research was divided into three stages. In the first stage, REE contents in waste
and representative soils were determined. Then, in the first greenhouse experiment,
differences in REE accumulation between plant species were studied: common yarrow
(Achillea millefolium L.), false mayweed (Tripleurospermum maritimum (L.) W.D.J.
Koch), tall fescue (Festuca arundinacea Schreb.), marigold (Tagetes sp.), maize (Zea
mays), white mustard (Sinapsis alba), red clover (Trifolium pratense L.) and autumn fern

(Dryopteris erythrosora (D.C. Eaton) Kuntze) were grown on soil and substrates
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composed with fly ash and flotation waste. In the second greenhouse experiment, the
main attention was paid to determining the efficiency of REE uptake and accumulation
by: A. millefolium, T. pratense and D. erythrosora after application of chelates: CA,
EGTA and EDTA to the growing media. In this experiment, two substrates were used,
the first containing soil enriched with lanthanide chlorides and the second containing fly
ash.

It was demonstrated that higher REE contents were present in fly ash waste and
soils compared to sewage sludge and slags. In greenhouse experiments, the obtained
results provided information that plants accumulate higher REE contents in their
underground parts compared to the above-ground parts. It was shown that the type of
substrate affects the uptake and accumulation of REE by plants. Additionally, plant
growth and accumulation of elements were slightly more efficient in case of substrates
containing soil than from industrial waste based growing media. Plants accumulated quite
low REE amounts. The addition of chelates did not significantly enhance metal
accumulation and the effects was specific to the plant species and the substrate used. The
most effective plant in the entire experiment was D. erythrosora, which was characterized
by greater bioconcentration (BCF) and translocation factors (TF) than the other plants. In
general, the calculated BCF and TF indices were lower than 1 for most of the tested plant
species. The highest BCF index = 0,47 was obtained in the first greenhouse experiment
for Zea mays (substrate 1). But the highest TF index = 5.42 was obtained in the second
experiment for D. erythrosora (La, 10 mM CA, substrate2).

The conducted studies provided a lot of information, not existing before, on the
uptake and accumulation of rare earth elements by plants, as dependent on individual
plant species and types of substrates. The data obtained is is a valuable information for
further research. Further work should focus on selecting the optimal combinations of
chelates and their doses for individual plants. We should also look for wastes with higher
REE contents and methods of producing substrates that provide more favorable

conditions for REE uptake by plants, e.g. with lower pH.
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Abstract. Rare earth elements (REE) are a group of 17 elements
with similar physicochemical properties. Most of the world’s
REE extraction belongs to China. Due to the growing demand
for REE and limited resources, the European Commission has
identified REE as critical materials. On the other hand, little is
known so far about the possible effects of long-term exposure of
living organisms and the ecosystem to REE. Therefore, potential
solutions for the recovery of distributed REE are being sought.
Phytoextraction is a method that allows the recovery of elements
from the environment. For this purpose, two strategies are gener-
ally used: the use of plants with the natural ability to accumulate
REE (hyperaccumulators) and the support of the process through
the use of chelators. Twenty two species have been identified as
REE hyperaccumulators, e.g. Phytolacca americana, Dicranop-
teris linearis, Blechnum niponicum or Carya tomentosa. For the
total REE, an accumulation limit of 100 mg kg dry weight was
established. Natural chelators are used as additives, e.g. humic
acids or low molecular weight acids, as well as synthetic ones:
EDTA or EGTA. In addition, the efficiency of the process is also
influenced by other factors, such as the sorption capacity of the
soil, the content of organic matter in the soil or soil pH. The aim
of this article is to present the plant species useful in REE phy-
toextraction and the potential for enhancing the method with the
use of chelators.

Keywords: rare earth elements, phytoextraction, hyperaccumu-
lation, environmental remediation.

INTRODUCTION

REE (rare earth elements) are a group of 17 elements.
This group includes 15 lanthanides from the third period
of the periodic table of elements: lanthanum (La), cerium
(Ce), praseodymium (Pr), neodymium (Nd), promethium
(Pm), samarium (Sm), europium (Eu), gadolinium (Gd),
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terbium (Tb), dysprosium (Dy), holmium (Ho), erbium
(Er), thulium (Tm), ytterbium (Yb) and lutetium (Lu) and
2 scandiums — yttrium (Y), scandium (Sc). These elements
have similar physical and chemical properties (Catus-
Moszko, Biatecka, 2012). REE in the environment consti-
tute a fairly coherent group in terms of their chemical and
physical properties. The exception is the promethium con-
sisting solely of short-lived radioactive isotopes formed
during atomic reactions. Pm is easily degraded radioactive-
ly, its half-life is 2.62 years. Promethium does not occur in
nature (Castor, Hedrick, 2006).

Due to the differences in atomic mass, REE are divided
into: light rare earth elements (LREE) and heavy rare earth
elements (HREE). The first group includes elements from
La to Eu, and the second group from Gd to Lu. In the en-
vironment, REE occur mainly in the form of silicates and
phosphates. The main minerals which include lanthanides
are: monazite, bastnasite, and gadolinite (Catus-Moszko,
Biatecka, 2012). REE form a group of lithophilic elements
concentrated in the earth’s crust. They are part of very du-
rable and weather-resistant minerals. They appear collec-
tively because they are trivalent (the exception are cerium
and europium, which may also appear in the form of Ce**
and Eu*, respectively) and have similar ionic rays, thanks
to which they can be mutually replaced in different crystal
structures. Lanthanides with an even atomic number are
more common in nature than those with an odd atomic
number (Burchard-Dziubinska, 2014).

REE constitute the seventh most naturally occurring
element in terms of fossil resources — their amount is com-
parable to gold or silver deposits. As a result, they are not
as rare as their name suggests. The name refers rather to
the fact that the REE deposits are very scattered and it is
difficult to isolate them. The most abundant element is
cerium being the 25th most abundant in the Earth’s crust
(Burchard-Dziubinska, 2014; Ramos et al., 2016). In 2019,
REE global production was at the level of 210,000 tonnes.
The largest share in the global production belonged to Chi-
na (62%).
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Figure 1. Distribution of REE production in 2019 (Garside, 2021).
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Rare earth metals have special properties, making them
desirable raw materials in many fields, including modern
technologies, the so-called high-tech, industry, medicine
and agriculture. First of all, they are used in renewable
energy applications. They are used, among others, for the
production of high-strength magnets applied in wind tur-
bines, electronic equipment, electric vehicles and comput-
ers.

According to the European Commission, REE are con-
sidered critical materials due to the risks associated with
their limited supply, as well as their importance for clean
energy and advanced technologies. According to the lat-
est research, neodymium (Nd), europium (Eu), dysprosium
(Dy), terbium (Tb) and yttrium (Y) are the most critical of
all REE due to their use in the production of magnets and
lamp phosphors (Ji et al., 2020).

More than 200 minerals containing more than 0.01% of
lanthanides are known. REE raw materials are usually ob-
tained from such types of ores as: monazite (China, USA,
Australia, India, Malaysia, Brazil, Thailand and Sri Lan-
ka), bastnaesite (USA, China) and laterite ores. The above-
mentioned raw materials are used to obtain REE mineral
concentrates by means of flotation, magnetic and gravity
enrichment. The selection of the appropriate method de-
pends on the mineral-chemical composition, structure and
texture of the raw material (Kwecko, 2016; Jarosinski,
2016).

The increased use of REE also leads to an increase in
the amount of these elements in the environment. Explora-
tion of REE causes their increased migration in the envi-
ronment, which may disturb the balance of the ecosystem
and negatively affect animals, plants and microorganisms.
They are extracted to a large extent and this leads to in-
creased volume of tailings or mining waste (Lima, Ot-
tosen, 2021; Reisman et al., 2013). The increased risk of

the environment contamination with REE may result from
the extraction, processing as well as improper disposal of
materials containing the metals in question. Therefore,
substantial amounts of REE are dispersed near industrial
waste disposal sites, within urban areas, wastelands where
coal or metallurgical waste (slags and flotation waste) are
accumulated. A high concentration of rare earth metals
is also found in industrial wastewater and sludge. These
sites and materials are considered as alternative sources
for REE acquisition. Waste electrical and electronic equip-
ment, phosphogypsum or fly ash from hard coal combus-
tion can be a potential source of REE recovery (Catus-
Moszko, Biatecka, 2012; Moshin et al., 2022). To date,
little research has been done on the behavior of REE in
the environment. Some studies show a toxic effect of La,
which can replace calcium (Ca) in some cell cycles due to
its similarity to Ca ions. In studies conducted by Fan et al.
(2004) it was proved that children exposed to REE have
a lower IQ level compared to people in the reference group.
The research also proved the negative influence of some
REE on the nervous, circulatory and immune systems (Fan
et al., 2004). In turn, in the experiment conducted on grass-
hoppers, their consumption of biomass with a higher Ce
content caused muscle paralysis within four days after in-
gestion (Allison et al., 2015; Chen et al., 2020). However,
in general there is not much evidence of a negative effect
of REE to organisms, especially in long-term studies.

The aim of the study is to discuss a nature-based meth-
od of REE recovery through phytoextraction that could
potentially lead to clean up of the environment from the
excess of REE. The review takes into account plant species
that can accumulate the discussed elements, as well as fac-
tors that affect the phytoextraction process.

PHYTOEXTRACTION PRINCIPLES

The term phytoextraction refers to a technique that uses
selected plant species to recover elements from the soil that
are accumulated in the above-ground parts of plants. The
purpose of the method is to reduce the level of elements
in the soil as well as to aquire them from the environment
in plant biomass as a secondary source of these elements
(Xing, 2006).

The initial stage of phytoextraction covers selection of
the site where the given metals occur in elevated concen-
trations. Such areas include naturally enriched or contami-
nated soils, such as mining or industrial areas. Next step is
a selection of appropriate plant species and possible soil
additives that would optimise the uptake of the elements
from the substrate or the overall growth of the plant. Exam-
ples of such additives include phytohormones, fertilizers
and exogenous organic matter. The final stage is harvesting
the crop. Biomass can be reduced by composting or ther-
mal treatments or used for the recovery of certain elements
(Grobelak et al., 2010; Krzciuk, 2019). From the physi-
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ological point of view, the process of taking an element
from the soil by a plant includes the following stages: solu-
bilization of metal from the soil matrix, acidification of the
rhizosphere and secretion of ligands, metal absorption by
roots and transport to shoots, distribution between tissues
and sequestration. REE in plants can be stored in various
tissues, such as: mesophyll, epidermis or xylem, in places
where the elements do not have a toxic effect on important
cellular processes. In contrast, sequestration, the last step
leading to accumulation, takes place in the vacuole, where
the metal or its ligand complex is transported across the
vacuolar membrane (Opare et al., 2021; Shan et al., 2003;
El-Remady, 2010).

Two approaches are used in the phytoextraction pro-
cess: the use of plants that have the natural ability to ac-
cumulate metals in greater amounts (hyperaccumulators)
and those that accumulate REE in small amounts. The
second approach uses application of chemicals called che-
lators as soil amendments. Hyperaccumulators are plants
that are able to accumulate large amounts of metals in
their organs without suffering a toxic effect of the element
accumulation. Currently, threshold values in mg kg dry
weight have been proposed for some elements as levels
qualifying plants as hyperaccumulators: for Se, Cd, Tl are
100 mg kg'!; for Cu, Co, Cr it is 300 mg kg'; for Zn it is
3000 mg kg!; for Mn 10000 mg kg! (van der Ent et al.,
2013). In general plants accumulate, among others, such
metals as Fe, Mn, Zn, Cd, Cu, Mg and Mo (Bhargava et
al., 2012). In order to qualify for this process, plant species
should have an abundant root system, fast growth rate, tol-
erance to high levels of metal in the substrate, and the abil-
ity to accumulate high levels of metal in its aboveground
parts (Garbisu, Alkorta, 2001; Xing, 2006). Hyperaccumu-
lators are able to store 10-500 times higher levels of metals
than crops. An example of a Zn and Cd hyperaccumulator
is Thlaspi caerulescens, which is able to accumulate and
tolerate 10,000 mg kg! Zn and 100 mg kg! Cd in the dry
weight of shoots without showing any symptoms of toxic-
ity (Escarre et al., 2011).

Two strategies for extracting metals by plants are used:
continuous phytoextraction and induced, chemically assist-
ed phytoextraction (Tahmasbian, Safari Sinegani, 2016).
The first type of the process relies on the natural ability of
certain plant species to accumulate and resist high concen-

trations of metals. On the other hand, the second approach
uses chelating compounds responsible for the increased ac-
cumulation of metals (Krzciuk, 2015). Table 1 shows the
differences between the two phytoextraction methods.

FACTORS INFLUENCING REE
HYPERACCUMULATION

Currently, more than 400 plant species classified as
natural metal hyperaccumulators have been identified, but
the list of species is still being developed. Twenty two spe-
cies have been identified as REE hyperaccumulators. The
species recognized as REE hyperaccumulators represent
five families: Phytolaccaceae (e.g. Phytolacca americana,
P icosandra), Gleicheniaceae (e.g. Dicranopteris linearis),
Blechnaceae (e.g. Blechnum niponicum, Woodwardia ja-
ponica), Juglandaceae (e.g. Carya cathayensis, C. glabra,
C. tomentosa), Thelypteridaceae (e.g. Pronephrium sim-
plex, P. triphyllum) (Krzciuk, 2015; Jalali, Lebeau, 2021).
For the total REE, an accumulation limit of 100 mg kg™ dry
weight was established (van der Ent et al., 2021).

The following soil factors may affect hyperaccumu-
lation: cation exchange capacity, organic matter content,
pH, metal content in the substrate. Only limited part of the
element pool in soil is bioavailable to plants. The rest is
mostly in insoluble forms, making them inaccessible for
adsorption by the plant roots. It has been proved that REE
are more mobile in solutions rich in F-, CI, HCO, CO32',
HPO,*, PO, ions. The isomorphic replacement of calcium
with REE is due to their similar ion radius, making carbon-
ates the preferred form of REE in soils. However, in order
to increase the biomass of plants, it is important not only to
maintain the optimal pH, but also properly fertilize, which
supports growth of plants. Examples of such fertilizers
are nitrogen and potassium fertilizers, which when added
to the soil lower the pH, increasing the mobility of most
trace elements. On the other hand, they contribute to plant
growth, as they contain important biogenic elements. It has
been proven that the addition of such substances increases
the accumulation of elements (Lihong et al., 1999; Balar-
am, 2019). Phosphorus fertilizers used in agriculture might
contain REE at levels two orders of magnitude higher than
in uncontaminated agricultural soils. Turra et al. (2019)
conducted a greenhouse experiment on Rangpur lime (Cit-

Table 1. Differences in the application of two phytoextraction techniques (Nascimento, Xing, 2006).

Chemically assisted phytoextraction

Natural phytoextraction

Plants need the right conditions to accumulate metals

Plants naturally hyperaccumulate metals

Fast growth, high biomass

Slow growth, low biomass growth

Strengthening the uptake of metals by the addition of synthetic
chelators or organic acids

Natural metal extraction capacity

Low level of metal tolerance — can be toxic to the plant

High level of tolerance, possibility of accumulation of high con-
centrations of metals without toxic effects on plants

Risk of release of metal chelates into the environment

No risk to the environment
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rus limonia Osbeck) plants using superphosphate fertilizer.
The concentration of REE in the substrate increased af-
ter the application of the fertilizer. In the examined citrus
plants, a higher concentration of REE was recorded in the
leaves than in the branches. The substrate-plant transfer
rates for La, Ce, Sm and Sc ranged from 0.0002 to 0.0047.
The highest substrate-leaf transfer rate was observed for
La (0.0047) (Turra et al., 2019). In terms of binding with
organic matter, REE behave in soils similarly to other trace
elements. Organic matter is fundamental for the adsorption
of REE as it provides negative charges in the solid phase of
soils (Lihong et al., 1999; Balaram, 2019).

Soil pH has a significant impact on the growth and de-
velopment of hyperaccumulating plants. It strongly influ-
ences the availability of nutrients and elements of interest
to plants, as well as the toxicity of metals in the substrate.
Typically, the concentration of metals in the solution is in-
creased by lowering the pH value. A drop in pH causes
a large amount of metal ions to be desorbed from the surface
of colloids and clay particles, from where it gets into the soil
solution. Hence, lowering the pH may disturb the balance
of metal ions precipitation and positively affect their release
into the soil solution. The optimal value of the availabil-
ity of macronutrients for plants is in the range of pH 6 to 7
(Sheoran et al., 2016; Corzo Remigio et al., 2020).

Hyperaccumulating plants are classified using the BF
(bioaccumulation factor) and the TF (translocation factor).
The value of both factors for the plants in question should
be greater than 1. The BF is the efficiency of accumulation
and is defined as the ratio of an element concentration in
the above-ground parts of the plant to its amount in the
soil. The TF describes the efficiency of metal movement
and it is the ratio between the concentration of metals in
plant shoots to the concentration of metals in the roots
(Szarek-Lukaszewska, 2014; Krzciuk, 2015).

There are two pathways of metal transport in hyper-
accumulators: apoplastic and symplastic. The apoplastic
transport process has been identified in most plant species.
However, REE absorption encounters the first apoplastic
barrier in the roots, which makes it difficult to transport
the elements to xylem and then translocate to other plant
organs. As a result, the content of elements in the organs is
as follows: roots> stems> leaves> flowers> fruit (Ramos et
al., 2016; Brioschi, 2013). For example, the accumulation
of Zn, Cd and Ni occurs mainly in the cell walls located
outside the plasma membrane of the epidermis, the endo-
dermal cortex to the Casparian band, while not occurring
in the stele (Shan et al., 2003).

CHELATE-ASSISTED PHYTOEXTRACTION

In order to make the phytoextraction process more ef-
ficient, certain compounds assisting the uptake of metals
from the environment have been tested. The example is
a group of compounds called chelators.

Organic and inorganic ligands play an important role
in root absorption of various elements. These are syn-
thetic APCA (aminopolycarboxylic acids): EDTA (eth-
ylenediaminetetraacetic acid), ethylene-bis [oxyethylene
trinitrilo] tetraacetic acid (EGTA), ethylene-diamino-N,
N 0 bis (o-hydroxyphenyl) acetic acid (EDDHA),
N-(2-hydroxyethyl) iminodiacetic acid (HEIDA), while
natural APCAs are: ethylenediamine disuccinate (EDDS),
nitrilotriacetic acid (NTA), natural low molecular weight
organic acids (NLMWOA), humic substances (HS). Metals
complexed with the ligands mentioned above are more ac-
cessible to plant roots (Salt et al., 1995; Jabeen et al., 2009).
Table 2 shows examples of chelating compounds and their
effect on the mobilization and plant uptake of trace ele-
ments.

Table 2. Chelating compounds and their influence on the mobilization and uptake of metals.

Increase in metal

Chelator Amount adﬂed Metal absorption com- Plant species Side effects Reference
[mmol kg']
pared to control
Fern .
0,
NTA 2 Pb 23.8% (Athyrium wardii) No side effects Yu et al. (2020)
. Corn Plant growth down to 60%
B EDTA > Cu 12-times (Zea mays) compared to the control Luo etal. (2005)
EDDS 25 Co 5-times Chinese milk vetch No side effects Chen et al. (2019)
) (Astragalus sinicus L.)
. Visual symptoms of toxic- .
Clt.rlc 20 Ni 55% Odontarrhena muralis  ity: chlorosis and necrosis on do Nascimento et al.
acid (2020)
B leaves
Clt.rlc 3 Pb 2-times Indlar} mgstard No evidence of toxicity Wu et al. (2013)
acid (Brassica juncea)
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In conclusion from the attached table, the addition of
chelators can increase the absorption of metals by up to
12-times compared to the control, as in the case of Zea
mays after adding EDTA to the soil.

Synthetic chelators are characterized by high toxicity
and low biodegradability. The risk of using the chelators
to optimize phytoextraction may be related to the poten-
tial of their release into the environment. The use of syn-
thetic chelators should be limited to controlled conditions,
e.g. small soil volumes or constructed systems, in order to
avoid the release of chelators to groundwater (Moschner et
al., 2020). For example, the use of EDTA in Pb phytoex-
traction raises concerns related to the long term retention
of the chelator in the soil profile and its resistance to micro-
bial decomposition (Hart et al., 2022).

FEASIBILITY OF REE PHYTOEXTRACTION

In low doses, REE can have a positive effect on the de-
velopment of plants: they stimulate seed germination, the
growth of roots, leaves or stems. However, the improve-
ment of plant growth is limited only to certain stages or
substrate conditions (Zhang et al., 2013; Thomas et al.,
2014). It has been proved that a high concentration of REE
in the substrate may negatively affect the growth of the
plants. As a result, it may not be possible to recover satis-
factory amount of REE along with the biomass. A substan-
tial knowledge gap concerning feasibility of REE phytoex-
traction is related to the fact that most of the research on
the effects of these elements on plants has been carried out
under hydroponic conditions (Thomas et al., 2014).

As mentioned previously, REE are not essential for
plants, but plants accumulate these elements from the soil
or substrate through their roots or also through leaves from
dust deposition, this is mainly the case in mining and ur-
ban areas. In case of accumulation by means of roots, the
limitation is related to root system development. Metals
beyond the root reach cannot be taken (Tyler, 2004; Khan
et al., 2016).

Another limitation of the phytoextraction process is
that the phytoextraction efficiency is closely related to the
plant growth — the extraction rate is in general proportional
to the plant biomass and the concentration of an element
of interest. Therefore unassisted phytoextraction process
is very slow (Bhargava et al., 2012). For phytoextraction
to be considered economically viable, it is necessary that
the bioconcentration factor of the metals provided by the
plant species concerned is 20 and the biomass production
is at least 10 tonnes per hectare (Peuke, Rennenberg, 2005;
Bhargava et al., 2012). This makes the phytoextraction ef-
ficiency of REE using regular crops generally not economi-
cally justified. Therefore, one of the possible solutions is to
use plants that occur naturally in areas contaminated with
rare earth metals. These species are naturally resistant to
high concentrations of potentially toxic elements without

suffering toxicity. Some of them also exhibit natural ca-
pacity for enhanced metal uptake. An example is the Phy-
tolacca americana, which occurs naturally in the United
States and can reach up to 3 meters in height (Grosjean
et al., 2019). The use of native species in phytoextraction
may also prevent the introduction of invasive plant species
into the ecosystem (Zhou et al., 2015). Examples of spe-
cies of plants naturally accumulating REE are presented in
Table 3.

An effective solution is to support the phytoextraction
process by adding soil amendments that increase REE
solubility (e.g. chelators) or improving soil conditions to
stimulate better plant growth. In the studies by Xueyuan
et al. (2001), wheat seedlings were used for the purpose
of REE absorption. The experiment involved the addition
of humic acid (HA). It was shown that lower concentra-
tions of HA <0.2 g kg! favored the accumulation of rare
earth metals in the roots, but concentrations higher than
0.2 g kg decreased the concentration of REE (Xueyuan
etal., 2001).

Plants can secrete natural metal chelating molecules
into the rhizosphere. Its goal is to mobilize soil-bound
metals. The key root exudates are low molecular weight
organic acids (LMWOA). These are oxalic, succinic, tar-
taric, formic, malic, acetic, butyric, lactic, fumaric, maleic,
and citric acids (Sokolova, 2020). Due to their chelating or
metal complexing properties, they can influence the solu-
bility of elements in the soil and their uptake by plants. The
highest association constant at pH approx. 7.5 for metal
complex formation has the protein amino-acid histidine
(Shan et al., 2003.). Dicranopteris dichotoma, a fern grow-
ing in acidic soils in southern China, hyperaccumulates
several LREE such as La, Ce, Nd and Pr to around 0.7%
of the dry leaf weight. In the experiment of Shan et al.
(2003) the addition of malic acid, histidine and citric acid
was used to stimulate REE uptake from the substrate. For
example, adding histidine to the soil in which ferns grew
for 60 days caused an increase in LREE in their leaves
by 21-34%, while in the control leaves only by 6-10%
(Shan et al., 2003). In the studies of Khan et al. (2016),
attention was focused on plants belonging to the Cyper-
aceae, Gleicheniaceae and Melastomaceae families. Re-
search has shown that Dicranopteris linearis and Cyperus
rotundus L. can be included as REE hyperaccumulators.
The highest concentrations of Ce (1482.60 pg g') and La
(1305.07 pg g') were reported for D. lineraris. C. rotundus
L. accumulated 568.90 pg of La g (Khan et al., 2016).

Wau et al. (2013) reported that the absorption of La by
tomato (Lycopersicon esculentum Mill) by the whole plant
biomass, increased after the addition of aspartic acid, as-
paragine, histidine and glutamic acid, compared to the con-
trol. The concentration of La in tomato after its treatments
with aspartic acid and asparagine increased to 449 ng g
(Wu et al., 2013).
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Table 3. Natural REE hyperaccumulators.

Rare earth elements Concentration in plants

Plant species

Location Reference

[mg kg'']
732.97 (leaves)
LREE 581.30 (roots)
27.71 (leaves) Dicranopteris dichotoma  mining area (Malaysia) Khan et al. (2016)
HREE
77.70 (roots)
BF —143.29
LREE 240.65 (roots)
HREE 9.97 (roots) Dicranopteris linearis mining area (Malaysia) Khan et al. (2016)
BF —219.16
515.08 (leaves)
LREE 475.78 (roots) o e
78.33 (leaves) Cyperus rotundus area by the rver Khan et al. (2016)
HREE 137.82 (roots) (Malaysia)
BF —387.11
REE 514 (leaves) Phytolacca americana mining area (China) Liu et al. (2021)
BF 0.22 - 1.51 )
1040 (leaves) . .. .
LREE BF - 037 Phytolacca americana mining area (China) Yuan et al. (2018)
520.78 (shoots) mining area
REE 33.94 (roots) Atriplex leucoclada Boiss. (Irfn) Tabasi et al. (2018)
BF>100
REE 13 (leaves) Phytolacca icosandra - Grosjeana et al. (2019)
La 144 (leaves) natural soil
Ce 325 (leaves) Carya tomentosa (United States) Wood, Grauke (2011)
La 108 (leaves) . . natural soil
Ce 276 (Ieaves) Carya cordiformis (United States) Wood, Grauke (2011)
REE 177 (roots) Cistus monspeliensis mining area (Portugal) Du{;gii; al.
BF — bioaccumulation factor
Table 4. Efficiency of REE phytoextraction supported by chelators.
Rare carth Increase in REE
accumulation com- Species Basis Addition/chelator Reference
elements
pared to control
REE 3.5 times Phytol i mining area (China) ~ 0lochar addition 0o o1 2020)
. ytolacca americana g of fir sawdust) .
La 4-57% Triticum aestivum L. hydroponic system acetic 2211.(3’ malic Wang et al. (2004)
La, Ce, Pr, Nd 21-78% Dicranopteris dichotoma REE ore deposit hlsu.d ¢ E.wl.d ’ mfihc Shan et al. (2003)
(China) acid, citric acid
La, Nd 20 times . . . . . .
Gd, Er 10 times Phalaris arundinacea clayey silt (Germany) citric acid Wiche et al. (2017)
REE 46% Zea mays greenhouse experience cow dung Okoroafor et al,

(2022)

Soil amendments may promote the recovery of REE
from soil. The influence of pig manure and biochar with
the addition of fir sawdust on phytoextraction of REE
with Phytolacca americana was investigated by Liu et al.
(2020). It was concluded that soil additives improved the
physicochemical properties of the soil. However, a signif-
icant effect (the sums of REE harvested was 3.56 times
higher compared to the control) was only achieved after
the addition of low dose of biochar (1%). In the case of

higher concentrations, soil pH and the amount of organic
carbon and nutrients increased, which in consequence re-
duced the bioavailability of REE in the medium (Liu et al.,
2020). Table 4 shows efficiency of REE phytoextraction
supported by chelators.

Another strategy used in phytoextraction might be
based on interspecific interactions between plants. For ex-
ample, in the studies by Wiche et al. (2016), REE uptake
was tested using the interspecific interaction between bar-
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ley (Hordeum vulgare L., cv. Modena) and white lupine
(Lupinus albus L., cv. Foedora) under field conditions. It
was shown that the concentrations of REE in the shoots
of white lupine monocultures were about two times higher
than in barley. Furthermore, a significant increase in La,
Nd, Sm, Gd, Y was recorded in barley shoots in the vari-
ant consisting of intercropping with lupine. Such research
proves that the proper selection of plants can contribute to
the increased absorption of REE from the substrate. How-
ever, the appropriate ratio of the tested plants in the inter-
cropping should be selected for the process to be efficient
(Wiche et al., 2016).

CONCLUSIONS

REE can pose a threat to the natural ecosystem. In-
creased demand for technologies in which REE are in-
creasingly used causes their release into the environment.
Therefore, methods should be sought to enable the rehabil-
itation of contaminated areas. Phytoextraction is a method
that uses plants that can accumulate elements without hav-
ing toxic effects on their growth. In general two phytoex-
traction strategies are used. The first one involves plants
naturally accumulating metals, i.e. hyperaccumulators,
while the second one involves the addition of chelators
to facilitate the absorption of elements from the substrate.
The advantages of phytoextraction include the fact that it
is in general safe for the environment, cost-effective and
the produced biomass can be subjected to further stages of
REE recovery. However, REE phytoextraction has some
limitations: so far there are few plant species capable of
accumulating REE, the concentrations of REE in plants are
not satisfactorily high which does not make the process of
REE extraction from the biomass economically viable. It
is clear that more research is needed on optimalisation of
REE phytoextraction. This shall involve further selection
of plants, nature based solutions enhancing accumulation
of REE in plant shoots and using substrates containing
rich-REE waste instead of soil for plant-based recovery of
these elements.
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Abstract: The aim of this experiment was to investigate the differences in the uptake
and accumulation of rare earth elements (REEs) between selected plant species and the
substrates used (soil with increased REE content, ash, and smelter waste). Eight plant
species were included in the study: common yarrow (Achillea millefolium), false mayweed
(Triplerosperum maritimum), tall fescue (Festuca arundinacea), marigold (Tagetes sp.), maize
(Zea mays), white mustard (Sinapis alba), red clover (Trifolium pratense L.), and autumn fern
(Dryopteris erythrosora). The study focused on the following REE representatives: lanthanum
(La), cerium (Ce), europium (Eu), and gadolinium (Gd). Plant samples, divided into roots
and shoots, were analyzed by ICP-MS. The obtained REE concentrations in plant tissues
ranged from 9 to 697 ug kg’l (La), 10 to 1518 ug kg’1 (Ce), 9 to 69 ug kg’1 (Eu), and 9
to 189 ug kg~! (Gd). To determine the ability of plants to phytoextract REE, two factors
were calculated: the translocation factor (TF) and the bioconcentration factor (BCF). The
highest TF value was obtained for D. erythrosora growing on a substrate consisting of soil
with increased REE content (Gd, TF = 4.03). Additionally, TF > 1 was obtained for all REEs
in T. pratense L. In the experiment, the BCF was lower than 1 for all the plants tested. The
study provided insight into the varying ability of plants to accumulate REEs, depending
on both the plant species and the chemical properties of the substrate.

Keywords: rare earth elements; phytoextraction; contaminants; plant-based technology;
soil remediation

1. Introduction

The inappropriate or uncontrolled management of waste connected with activities
such as ore mining and smelting, the chemical industry, the transfer of sewage sludge
to agricultural soils, and other waste-generating activities are the processes leading to
soil pollution [1]. Mining and mineral processing are responsible for the creation of large
amounts of waste materials. This is because only a small percentage of the ore is valuable,
50 99% of it is in the form of tailings. Additionally, it is estimated that there are over a
million abandoned mines in the world, left without remedial measures. As a result, such
types of metal deposits can be used today as a source of secondary resources. Especially
for critical metals, demand has been increasing over the years [1,2].

Rare earth elements (REEs) are a group of metals that occur naturally in the envi-
ronment. They include 15 lanthanides: lanthanum (La), cerium (Ce), praseodymium
(Pr), neodymium (Nd), promethium (Pr), samarium (Sm), europium (Eu), gadolinium
(Gd), terbium (Tb), dysprosium (Dy), holmium (Ho), erbium (Er), thulium Tm), ytterbium
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(Yb), lutetium (Lu), yttrium (Y) and scandium (Sc). REEs can be extracted from monazite,
bastnaesite, xenotime, and ion-adsorption clays [3].

REEs are commonly found in the Earth’s crust [4]. REE content in soil depends on
the minerals in which they are found, soil texture, organic material content, pedogenic
processes, and anthropogenic activity. The average REE concentration in the Earth’s crust is
about 0.015%, which corresponds to approx. 189 mg kg~!; the closer to the Earth’s surface,
the lower the content [5].

Due to the properties of REEs, they play an increasingly important role in industry,
especially in innovative technologies linked with the trend of reducing the use of fossil
fuels. They are used, among others, for the production of wind turbines, hybrid cars, or
batteries. REEs are also increasingly used in agriculture as fertilizers [6]. REEs are used in
agriculture as growth regulators. They are used in the form of foliar application, fertilizer
additives and seed dressings. It has been proven that the use of REEs in crops increased
their productivity by 5-15% [7]. But, using REEs in high concentrations has a retarding
effect on the growth of plants [8]. In the studies of [9], it was proved that adding fertilizer
containing La and Ce to the soil increased the uptake of phosphorus by maize. In the same
studies, it was also proved that adding fertilizer in a dose of less than 10 kg/ha containing
REEs increased the yield of the tested plant [7]. In turn, after the foliar addition of fertilizer
containing REEs to Triticum aestivum, an increase in the level of REE accumulation in roots
and leaves was observed, whereas no significant presence of these metals was found in the
grains [10].

Approximately 95% of all mineral resources containing REEs in the world are con-
tained in three minerals: monazite, xenotime, and bastnasite. The REE content in soils
depends on, among other things, the parent material of the soil, climate, weathering in-
tensity or mobility and sequestration of REEs in secondary minerals, and soil organic
matter [11]. The effect of the rapid growth in the exploration of mineral resources contain-
ing REEs and the increasingly widespread use in modern industry and everyday life is the
increase of these metals in ecosystems. The main areas with increased REE content include
zones located near polluted sites (large cities or mining and industrial areas), regions where
agriculture is intensive, and places where the parent material shows a high REE content [12].
Plants growing in urban or agricultural soils bioaccumulate REE. As a result, excessive
content of these metals in the substrate leads to serious consequences for the surrounding
environment, including groundwater and agricultural products. The presence of REEs
in soil and water can lead to the entry of these elements into the bodies of humans and
animals, for example, through consumed food [13]. It has been shown that rare earth
mining has affected residents living near mining areas. When analyzing urine for REE
content, individuals in these areas showed higher levels of elements compared to those
living outside the mining zones [14].

REEs have been classified by the European Union as a group of elements belonging
to critical raw materials due to supply risk (CRM). The substitution index (range of 0-1),
which is the parameter defining the difficulty of metal substitution, is for REEs assigned as
higher than 0.9 [15]. The growing demand for REEs, especially in industry, has led to the
release of these metals into the environment. The increasing content of these metals in the
environment can have adverse effects on the ecosystem and threaten human health. As a
result, it has become crucial to find ways to remediate areas contaminated with REEs and
recover them from secondary resources around the world [16].

Traditional methods of remediation of heavy metal contamination are based on phys-
ical, chemical, and thermal methods. Physical methods include soil washing, thermal
desorption, and replacement or partial replacement of contaminated soil with another
soil to reduce the concentration of contaminants. Chemical methods include vitrification
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technology, chemical leaching, chemical fixation, and the electrokinetic method. These
methods are time-consuming and economically unprofitable; some are very complicated
and have many limitations [17].

Gentle phytoremediation methods can be an alternative to traditional remediation
methods. Phytoremediation can be used to treat various pollutants: heavy metals, xeno-
biotics, pesticides, organic compounds, and toxic aromatic compounds [18]. For this
purpose, microorganisms, plants, or microbiological or plant enzymes are used [19]. Phy-
toremediation relies on natural processes and plants to remove, degrade, or immobilize
pollutants [18]. The effectiveness of phytoremediation depends on many biological pro-
cesses such as plant-microbe interaction, plant ability to take up contaminants from the
substrate, translocation and tolerance mechanisms, and plant chelating ability. [20]. The
key to remediation is to reduce the solubility of environmental contaminants by changing
pH, redox processes, and adsorption of contaminants from contaminated soils. In sum-
mary, the mechanisms of phytoremediation in plant organisms include phytoextraction,
phytodegradation, rhizofiltration, phytostabilization, and phytovolatilization. [18].

Plants involved in phytoextraction take up metals dissolved in the soil solution.
Metals are absorbed by the roots and then transported to other parts of the plant, such
as the stems or leaves [21]. The solubility of metals depends on factors such as soil
pH, the concentration of other elements in the soil, and the content of organic matter.
Soil pH significantly influences the availability of nutrients and the toxicity of metals
to plants. For the phytoextraction process, the optimal soil pH is in the lower range of
6-7. Additionally, the uptake of metals by roots is also influenced by plant species and
environmental conditions [2,17,21].

The translocation factor (TF) and bioconcentration factor (BCF) are used to describe the
bioaccumulation properties of plants. The TF index describes the ratio of metal concentration
in plant shoots to metal concentration in roots. Plants with higher TF values have a greater
ability to transfer metals from roots to shoots. In turn, the BCF factor is the ratio of the
concentration of an element in the plant to the concentration of the element in the soil. In the
case of accumulators of a given group of metals, it is recommended that both TF and BAF be
higher than 1, then, such plants are called hyperaccumulators. [6]. If the TF and BCF values
for a plant are higher than 1, it is suggested that the plant can be used as a bioaccumulator,
whereas if the BCF > 1 and TF < 1 are obtained, the plant can be used as a phytostabilizer. In
contrast, the plant can be used as a phytoextractor when the BCF < 1 and TF > 1 [21].

The selection of optimal species for the soil remediation process or additives aimed at
improving soil conditions is key to effective phytoremediation [22]. The selection of plant
species for phytoremediation processes should take into account the ability of the plant to
tolerate or biodegrade high concentrations of pollutants, accumulate elements of interest,
grow quickly, produce large amounts of biomass, and be resistant to diseases, pests, and
difficult environmental conditions [23].

For example, due to their rapid growth, Typha latifolia, Salix spp., Dryopteris dichotoma,
and some fern species are among the most important plant species that can be used in REE
phytoextraction. In the case of REEs, hyperaccumulators should accumulate more than
1000 pg g~ ! of metals in their leaves or have a TF greater than 1. [24].

Based on a literature review, in general, there is missing information on comparing the
ability of various physiologically different plant species to uptake and accumulate REEs.
There might also be an interaction between the plant species potential and the type of soil
or substrate used. Therefore, the aim of the study was to investigate the differences in REE
uptake and accumulation between selected plant species and the substrates used (soil with
increased REE content, ash, and smelter waste). The study focused on the following REE
representatives: lanthanum (La), cerium (Ce), europium (Eu), and gadolinium (Gd). The
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study basically was not aimed at optimizing the REE accumulation levels in plant tissues
but rather to compare a wide range of plant species and substrate compositions to produce
indications for further research that would be focused on enhancing the effectiveness
of phytoextraction.

2. Results
2.1. Plant Growth

The average biomass for each of the eight plant species across the substrates used is
presented in Figure 1. Significant differences were observed in plant growth, which strongly
depended on the substrate used. For all plants except S. alba, the highest biomass was
obtained for substrate 1 (soil). For A. milleflium it was 5.78 g pot™!; for T. pratense, L. 6.98 g
pot™!; for F. arundinacea, 6.89 g pot™!; for Z. mays, 17.15 g pot~!; for T. maritimum, 6.23 g
pot~1; for Tugetes sp., 8.34 g pot~!; and D. erythrosora, 2.51 g pot~!. For S. alba, the highest
biomass was observed for substrate 2 and it was 4.47 g pot~!. The lowest plant biomass
was recorded for substrate 3, where the biomass ranged from 0.69 g pot™! (D. erythrosora)
to 12.51 g pot~! (Z. mays).

dw)
— — — — — N
(o)) o0 o N N Lo} e o

Plant biomass (g pot*?,

s

N

.
Ll
g 10 L 1R 1R 1

msubstrate 1 msubstrate 2 msubstrate 3 substrate 4

Figure 1. The total biomass production (g pot~!, dw, mean+ SD, n = 3) of 1—Achillea mille-
folium, 2—Trifolium pratense L., 3—Festuca arundinacea, 4—Sinapis alba, 5—Zea mays, 6—Tngetes sp.,
7—Tripleurospermum maritimum, 8—Dryopteris erythrosora across four substrates: substrate 1 (95% soil,
5% compost), substrate 2 (30% paper industry ash, 20% compost, 50% peat), substrate 3 (30% power
plant ash, 20% compost, 50% peat), substrate 4 (40% smelter waste, 20% compost, 40% peat). Values
marked with different letters (a, b, ¢, etc.) for each element in relation to plant species and substrate
variants are significantly different at p < 0.05 according to Tukey’s HSD test (ANOVA).

2.2. Tolerance Index

Table 1 contains data on the calculated tolerance index (TT). The index was calculated
as the ratio of the biomass increase in contaminated substrates (i.e., substrates 2, 3, and
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4) to the biomass increase in the uncontaminated substrate (substrate 1). The highest
TI values were obtained for S. alba in substrate 2 (TI = 1.30) and substrate 4 (TT = 1.12).
TI values for the remaining plants were below 1. T. pratense L. appears to be the least
tolerant to contaminants in the substrate, with the lowest TI values of 0.15 (substrate 2) and
0.10 (substrate 3). Additionally, TI values were higher in substrates 2 and 4 compared to
substrate 3, with ranges of 0.15-1.30 and 0.30-1.12, respectively.

Table 1. Tolerance index (TI) for eight plant species: Achillea millefolium, Trifolium pratense L., Festuca
arundinacea, Sinapis alba, Zea mays, Tagetes sp., Tripleurospermum maritimum, and Dryopteris erythrosora.
The substrates that were used are as follows: substrate 2 (30% paper industry ash, 20% compost, 50%
peat), substrate 3 (30% power plant ash, 20% compost, 50% peat), and substrate 4 (40% smelter waste,
20% compost, 40% peat). The highest TI values are marked in bold.

Species of Plants Substrate 2 Substrate 3 Substrate 4
A. millefolium 0.33 0.25 0.30
T. pratense L. 0.15 0.10 0.45
F. arundinacea 0.55 0.68 0.69
S. alba 1.30 0.44 1.12
Z. mays 0.83 0.73 0.61
Tagetes sp. 0.77 0.41 0.67
T. martimum 0.65 0.39 0.31
D. erythosora 0.48 0.43 0.59

2.3. Change of Substrate pH

Table 2 shows the data for pH measured in H,O for the four substrates after plant harvest.
The first row presents the initial pH before the establishment of the experiment with plants;
the remaining rows contain the results for the individual plant species and substrates.

Table 2. pH values of the four substrates used in the experiment (pH in H,O, mean + SD, n = 3).
The substrates used were as follows: substrate 1 (95% soil, 5% compost), substrate 2 (30% paper
industry ash, 20% compost, 50% peat), substrate 3 (30% power plant ash, 20% compost, 50% peat),
and substrate 4 (40% smelter waste, 20% compost, 40% peat). Values marked with different letters (a,
b, ¢, etc.) for each element in relation to plant species and substrate variants are significantly different
at p < 0.05 according to Tukey’s HSD test (ANOVA).

Species Substrate 1 Substrate 2 Substrate 3 Substrate 4
Initial pH 6.60 7.50 7.80 7.10
Achillea millefolium 5.15+ 0.031 k 7.31 £ 0.057 d 7.55 £+ 0.059 ¢ 718 £0.021 f
Trifolium pratense L. 5.28 1+ 0.065 j 7.55 £ 0.069 ¢ 7.67 £0.035b 717 £0.032 £
Festuca arundinacea 5.33 £ 0.038 jj 7.54 +0.026 c 7.69 £ 0.095b 723 £0.047 e

Sinapis alba 588 £0.131g 7.49 £ 0.036 7.75 £ 0.006 a 715+ 0.114 £

Zea mays 553 £0.1591 7.52 £ 0.026 cd 7.76 £ 0.017 a 7.16 £ 0.021 £
Ingetes sp. 5.40 £ 0.057 i 7.55+0.032 ¢ 7.70 £ 0.095 b 718 £0.025 f
Tr;f;%‘;j% " 5.67 + 0.055 h 7.58 + 0.006 ¢ 7.78 + 0.020 a 7.15 + 0.025
Dryopteris erythrosora 583+ 0.186 g 757 £0.115¢ 7.89 £0.044 a 7.26 = 0.046 e

In substrate 1, the pH values ranged from 5.15 to 5.88; for each plant, the pH was
lower compared to the initial state. The pH for substrate 2 ranged from 7.31 to 7.58, for
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substrate 3 it was 7.55-7.89, and for substrate 4, 7.15-7.26. In the case of the last substrate,
the pH was higher than the initial value for each plant. In general, soil pH (substrate 1)
decreased during the experiment and plant growth, while the pH of substrates based on
industrial wastes was more stable.

Elements are more available to plants when the soil has a lower pH, which affects the
bioavailability and mobility of elements in the soil as well as the growth and development
of plants. The study confirmed this assumption. In substrate 1, with a lower pH compared
to the other substrates, higher yields of the tested plants were obtained. Additionally,
plants took up greater amounts of La, Ce, Eu, and Gd compared to other substrates.

2.4. Accumulation of REEs in Plant Tissues

The total concentrations of La, Ce, Eu, and Gd in the aboveground parts and roots are
presented in Table 2. The results indicate that REEs were accumulated in greater amounts
in the roots of plants. The range of La in the aboveground parts was within the range of 9
to 311 pg kg’1 for T. martimum (substrate 1) and D. erythrosora (substrate 1), respectively,
while in the root for this element, it was from 9 to 697 ug kg~ for T. pratense L. in substrate 1
and substrate 2. The lowest Ce concentration was 10 ug kg ! for F. arundinacea (substrate 2),
and the highest was 497 g kg ! for D. erythrosora (substrate 1). In the roots, the range was
29-1518 pg kg ! for T. pratense L. in substrates 1 and 2, respectively (Figure 3).

La

400

- 300

ab

200 T

be be

= T ‘ hl:
N P 1 1 1“

REE concentration [ug kg

1)

L ¢ & G - 2 .

o Fr .5 2 L - N -3 o

F & TP FF T &P g & L & S
A & FAEEFLELEF TV T FLS I T & & FEF Y g o
F P TRl S A R S & ¢
.88 AP & E q L ~ R A ~ L '\ s

v-f\((: o AT AR AT Vo AR N
Ce
600
a

500
&
x
80 400
S
® 300
£ b
g c
S 200 ¢ = be
o od od
=

Figure 2. Cont.



Plants 2025, 14, 589

7 of 21

Eu

20
]
=
an
3
=15
=
€
g 10 I
8
w
bro
=
5
(i}
Y P aal > ¢ ot P r & T oot SO ] ot ol &
Fr PP A AL F NPT A FSLFT NPT LRI LF &0 R FS
F FF Y EEE TS T & F S F TP S E T &
D St R T o T L T B G a0 £ PYAIFL e
© & F VESFTE S VES S FF VEFFTEF S v & &8
& & ABmE S &S S M A Y E g Q¥ &g
LR W A A AT g AT ATy )
50
a
a5 a a [
; I
b
B 35 b
-
w0
= .
-
c
=
B 25 c
g I
g
g 20
8 d d
w15 dd d d d d
=
5
0
P S S R @ . & o & 3 L S S S . S > @
& o &5 b R & o \06‘ A S “\6‘ & & F R F S \‘06‘ o L & o
& & B A G D RS S . & @ A 8 & P g
& e IR S S L UHP Tl L T S S G g5 g AF P A T 9T A
ELANE L) Vo8 o8 e aF W V& 8 gt o F & o e & W Vv & 4 &
g \\-@Lc-\.\\\ﬁ @.@é\\‘b‘}o \xé\‘c\\\‘bﬁ )_é\é
& o F FE & ¢ ! AT i Y ! LB i Al ¢
YA Vo AP AR AT P N e “

l-substrate 1| -substrate 2 [-substrate 3 i—substrate 4

Figure 2. Concentrations of La, Ce, Eu, and Gd in shoots of Achillea millefolium, Trifolium pratense
L., Festuca arundinacea, Sinapis alba, Zea mays, Tagetes sp., Tripleurospermum maritimum, Dryopteris
erythrosora across four substrates (ug kg~!, meand SD, n = 3). The substrates that were used are
as follows: substrate 1 (95% soil, 5% compost), substrate 2 (30% paper industry ash, 20% compost,
50% peat), substrate 3 (30% power plant ash, 20% compost, 50% peat), and substrate 4 (40% smelter
waste, 20% compost, 40% peat). Values marked with different letters (a, b, ¢, etc.) for each element
in relation to plant species and substrate variants are significantly different at p < 0.05 according
to Tukey’s HSD test (ANOVA). No letters indicate no statistical significance at the level of p > 0.05.
Blank fields indicate results below the detection limit

The Eu range for the aboveground parts was 9 to 20 ug kg~!, where the lowest
concentrations were detected for A. millefolium (substrate 1), T. pratense L. (substrate 1),
F. arundinacea (substrate 1), T. martimum (substrate 1), and D. erythrosora (substrate 4), and
the highest for D. erythrosora (substrate 1). For the root, the Eu content ranged from 9 to
69 ug kg‘1 for T. pratense L. (substrate 1) and D. erythrosora (substrate 4). Gd contents for
aerial parts ranged from 9 to 42 pg kg ! for T. pratense L. (substrate 1) and D. erythosora
(substrate 3), respectively. In turn, Gd content in the root ranged from 9 to 189 ug kg ! for
T. pratense L. in substrate 1 and substrate 4, respectively (Figure 3).

Two-way analysis of variance revealed a significant (p < 0.05) effect of plant species and
substrate types on all analyzed elements in individual plant parts. In the case of substrate 1,
the lowest REE content was maintained for T. pratense L. in the aboveground parts and root
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(Gd—9 ug kg~! dw). The highest content was obtained for D. erythrosora (root, Ce—512 pg
kg~! dw) and T. martimum (root, Ce—518 pug kg~! dw). On the other hand, for substrate 2,
the lowest content—9 pg kg ~! dw was obtained in the root for Eu and Gd for T. martimum,
and Gd for D. erythrosora, while the highest was for T. pratense L. (root, Ce—1518 ug kg 1).
In substrate 3, the lowest REE values were obtained for A. millefolium (aboveground parts,
Gd—9 pg kg~! dw) and T. martimum (root, Eu and Gd—9 ug kg~! dw). The highest content
was obtained for D. erythrosora (root, Ce—1012 ug kg ~! dw). In substrate 4, the REE content
ranged from 9 to 1436 ug kg ~! dw for D. erythrosora (aboveground parts, Gd) and T. pratense
L. (root, Ce), respectively.
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Figure 3. Concentrations of La, Ce, Eu, and Gd in roots of Achillea millefolium, Trifolium pratense L.,
Festuca arundinacea, Sinapis alba, Zea mays, Tagetes sp., Tripleurospermum maritimum, and Dryopteris
erythrosora across four substrates (ug kg~!, mean+ SD, n = 3). The substrates that were used are
as follows: substrate 1 (95% soil, 5% compost), substrate 2 (30% paper industry ash, 20% compost,
50% peat), substrate 3 (30% power plant ash, 20% compost, 50% peat), and substrate 4 (40% smelter
waste, 20% compost, 40% peat). Values marked with different letters (a, b, ¢, etc.) for each element
in relation to plant species and substrate variants are significantly different at p < 0.05 according to
Tukey’s HSD test (ANOVA). Blank fields indicate results below the detection limit.

2.5. Bioconcentration Factor and Translocation Factor

Table 3 presents the bioaccumulation indexes for plant species across the substrates
tested. The BCF was lower than 1 in each case. This means that the plants used in the
experiment cannot be classified as REE phytoextractors.

Table 3. Bioconcentriation factor (BCF) for La, Ce, Eu, and Gd for eight species: Achillea millefolium,
Trifolium pratense L., Festuca arundinacea, Sinapis alba, Zea mays, Tagetes sp., Tripleurospermum maritimum,
and Dryopteris erythrosora across four substrates. The substrates that were used are as follows:
substrate 1 (95% soil, 5% compost), substrate 2 (30% paper industry ash, 20% compost, 50% peat),
substrate 3 (30% power plant ash, 20% compost, 50% peat), and substrate 4 (40% smelter waste, 20%
compost, 40% peat). The highest BCF values are marked in bold.

Type of

Substrate Species La Ce Eu Gd

substrate 1 Achillea millefolium 0.02 0.02 0.13 0.02
substrate 1 Trifolium pratense L. 0.004 0.006 0.13 0.01
substrate 1 Festuca arundinacea 0.07 0.07 0.40 0.11
substrate 1 Sinapsis alba 0.08 0.09 0.37 0.11
substrate 1 Zea mays 0.11 0.10 0.47 0.13
substrate 1 Tagetes sp. 0.02 0.02 0.23 0.03
substrate 1 Triplerosperum martimum 0.04 0.04 0.13 0.05
substrate 1 Dryopteris erythosora 0.09 0.07 0.28 0.08
substrate 2 Achillea millefolium 0.06 0.04 0.03 0.04
substrate 2 Trifolium pratense L. 0.09 0.08 0.12 0.06
substrate 2 Festuca arundinacea 0.005 0.005 0.09 0.005
substrate 2 Sinapsis alba 0.01 0.008 0.05 0.008
substrate 2 Zea mays 0.01 0.01 0.02 0.008

substrate 2 Tagetes sp. 0.01 0.01 0.09 0.05
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S?llal:;:r:fe Species La Ce Eu Gd

substrate 2 Triplerosperum martimum 0.009 0.009 0.01 0.005
substrate 2 Dryopteris erythosora 0.005 0.01 0.09 0.02
substrate 3 Achillea millefolium 0.001 0.002 0.01 0.0007
substrate 3 Trifolium pratense L. 0.008 0.004 0.01 0.006
substrate 3 Festuca arundinacea 0.006 0.006 0.03 0.006
substrate 3 Sinapsis alba 0.003 0.003 0.008 0.003
substrate 3 Zea mays 0.005 0.006 0.06 0.006
substrate 3 Tagetes sp. 0.005 0.006 0.03 0.006
substrate 3 Triplerosperum martimum 0.008 0.007 0.008 0.007
substrate 3 Dryopteris erythosora 0.01 0.01 0.01 0.008
substrate 4 Achillea millefolium 0.06 0.03 0.12 0.02
substrate 4 Trifolium pratense L. 0.06 0.08 0.18 0.12
substrate 4 Festuca arundinacea 0.09 0.02 0.21 0.02
substrate 4 Sinapsis alba 0.02 0.02 0.14 0.15
substrate 4 Zea mays 0.02 0.02 0.09 0.01
substrate 4 Tagetes sp. 0.01 0.005 0.11 0.02
substrate 4 Triplerosperum martimum 0.02 0.01 0.06 0.01
substrate 4 Dryopteris erythosora 0.03 0.01 0.27 0.03

The lowest index for La, Ce, and Gd was characteristic of A. millefolium (substrate
3) BCF= 0.001; 0.002 and 0.0007, respectively. The lowest index for Eu was obtained for
S. alba (substrate 3)—0.0088. On the other hand, the highest BCF values were calculated for
Z. mays in substrate 1 (La BCF = 0.10; Ce BCF = 0.10; Eu BCF = 0.47) and S. alba in substrate
4 (Gd BCF = 0.15).

Table 4 presents the translocation factor of all tested plant species on four substrate
variants. The TF > 1 for all tested REEs was obtained only for T. pratense L. in substrate
1 (La TF = 2.00, Ce TF = 1.78, Eu TF = 1.05, Gd TF = 1.00). The highest TF for La was
obtained for T. pratense L. in substrate 1 (TF = 2.00), while for Ce, it was TF = 1.80 for
D. erythrosora (substrate 2). T. pratense L. (substrate 1) was characterized by the highest TF
for Eu (TF = 1.05). The highest TF for Gd was obtained for D. erythrosora in substrate 2
(TF = 4.03), and it was the highest translocation factor obtained in the experiment.

Table 4. Translocation factor for La, Ce, Eu, and Gd for eight species: Achillea millefolium, Trifolium
pratense L., Festuca arundinacea, Sinapis alba, Zea mays, Tagetes sp., Tripleurospermum maritimum, and
Dryopteris erythrosora across four substrates. The substrates that were used are as follows: substrate 1
(95% soil, 5% compost), substrate 2 (30% paper industry ash, 20% compost, 50% peat), substrate 3
(30% power plant ash, 20% compost, 50% peat), and substrate 4 (40% smelter waste, 20% compost,
40% peat). TF > 1 is marked in bold. There are b.d. presented in the table in case the concentration for
a given plant was below the detection limit.

S?llaps;:fe Species La Ce Eu Gd

substrate 1 Achillea millefolium 0.80 0.87 1.00 1.00
substrate 1 Trifolium pratense L. 2.00 1.78 1.05 1.00
substrate 1 Festuca arundinacea b.d. 0.01 0.19 b.d.
substrate 1 Sinapsis alba b.d. 0.03 0.22 b.d.
substrate 1 Zea mays b.d. 0.02 b.d. b.d.

substrate 1 Tagetes sp. 0.18 0.21 0.39 0.34
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S?g;:r:fe Species La Ce Eu Gd

substrate 1 Triplerosperum martimum 0.04 0.06 1.00 0.22
substrate 1 Dryopteris erythosora 1.17 0.97 0.93 0.83
substrate 2 Achillea millefolium 0.54 0.20 b.d. 0.30
substrate 2 Trifolium pratense L. 0.17 0.07 b.d. 0.10
substrate 2 Festuca arundinacea b.d. 0.10 b.d. b.d.
substrate 2 Sinapsis alba b.d. 0.24 b.d. b.d.
substrate 2 Zea mays b.d. 0.10 b.d. b.d.
substrate 2 Tagetes sp. b.d. 0.22 b.d. b.d.
substrate 2 Triplerosperum martimum 0.13 0.24 b.d. b.d.
substrate 2 Dryopteris erythosora 0.47 1.80 0.25 4.03
substrate 3 Achillea millefolium 0.40 0.83 b.d. b.d.
substrate 3 Trifolium pratense L. 113 0.06 b.d. 0.58
substrate 3 Festuca arundinacea b.d. 0.04 b.d. b.d.
substrate 3 Sinapsis alba b.d. 0.03 b.d. b.d.
substrate 3 Zea mays b.d. 0.02 b.d. b.d.
substrate 3 Tagetes sp. b.d. 0.01 b.d. b.d.
substrate 3 Triplerosperum martimum 0.05 0.01 b.d. b.d.
substrate 3 Dryopteris erythosora 0.24 0.20 0.39 0.63
substrate 4 Achillea millefolium 0.85 0.16 b.d. 0.29
substrate 4 Trifolium pratense L. b.d. 0.01 b.d. b.d.
substrate 4 Festuca arundinacea b.d. 0.05 b.d. b.d.
substrate 4 Sinapsis alba b.d. 0.12 b.d. b.d.
substrate 4 Zea mays 0.06 0.09 b.d. b.d.
substrate 4 Tagetes sp. b.d. 0.19 b.d. b.d.
substrate 4 Triplerosperum martimum 1.56 0.21 b.d. 0.49
substrate 4 Dryopteris erythosora 0.69 1.16 0.24 1.17

3. Discussion

Plant biomass is one of the factors determining the suitability of a given plant species
for phytoremediation. In our experiment, the highest biomass was obtained for corn
regardless the substrate used. However, the greatest growth of corn was observed on
substrate 1. Apparently soil provided better growth conditions than the other substrates
with a substantial share of industrial waste. Corn is considered a model plant due to its
high biomass increase or significant tolerance to environmental stresses [25]. Comparing
the biomass of all plants used in the experiment in relation to individual substrates, it can
be seen that the highest biomass was produced on substrate 1 and the lowest on substrate
3, which was based on the power plant ash. In addition, the plants were characterized by
a low tolerance index (TI). The values for most plants were low, which may indicate that
the plants are less tolerant to the contaminants present in the contaminated substrates. In
the experiment [26], the TI was studied for five plant species growing in soil contaminated
with nickel (Ni). The TI range in this experiment varied from 3.04 to 219.78 [26]

Soil pH is one of the key factors determining the solubility and bioavailability of
metals in the phytoextraction process. If the pH value drops below 6.0, the solubility and
bioavailability of metals increase [27]. According to the literature, pH affects many biogeo-
chemical processes in the soil, which in turn influence plant growth, biomass development,
and the availability or mobility of metals. When the substrate has a lower pH, elements
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tend to be more soluble due to high desorption and low adsorption. However, as pH
increases, the tendency for adsorption of elements rises, starting from limited adsorption
by soil components to almost complete adsorption within a narrow pH range, known as
the pH adsorption edge. Studies have shown that, with increasing soil pH, the solubility of
most elements decreases [27,28]. The most efficient substrate in the entire experiment was
substrate 1, which had the optimal pH for plant growth in the tested plant species. Adding
ash to the substrates limited plant growth and reduced the level of rare earth element
uptake by plants (substrate 2 and substrate 3). Factors limiting plant growth, development,
and the accumulation of elements from the substrate in such an environment include the
unfavorable mechanical composition of ash, high pH, lack of essential nutrients (e.g., N
and P), and potentially toxic concentrations of elements such as As, B, Cd, Cu, Hg, Mn, Mo,
or Pb [29].

Metalloids such as zinc (Zn), copper (Cu), cadmium (Cd), lead (Pb), and arsenic (As) can
adversely affect plant growth and development. Cu and Zn are essential micronutrients for
plants, playing key roles in many physiological and metabolic processes. However, at high
concentrations, they can cause chlorosis or inhibit growth. Additionally, Cu can interfere with
nutrient absorption [30-33]. On the other hand, Cd, Pb, and As are toxic heavy metals that are
not required for plant growth. Among other effects, they inhibit plant growth, cause chlorosis,
impair root development, limit biomass production, disturb metabolic processes, and affect
cell division, leading to the deformation of plant tissues [34-37].

High concentrations of these elements may result in weaker plant growth in substrates
2,3, and 4, as well as a reduced ability of these plants to accumulate rare earth elements
(REE) compared to plants growing in substrate 1. Substrate 4, for example, was charac-
terized by higher concentrations of toxic metals than substrate 1 (soil). For instance, the
content of As and Pb in substrate 4 was 2724 mg kg ! and 21,783 mg kg !, respectively.
In comparison, the content of As and Pb in soil collected from a former industrial area
(substrate 1) was 2.02 mg kg~! and 9.37 mg kg !, respectively. Flotation tailings, like
ash, were characterized by higher concentrations of toxic metals and a more alkaline pH
compared to soil. As a result, plants growing in substrate 4 exhibited a lower degree of
REE accumulation.

Low REE concentrations in soil typically stimulate plant growth, while high concen-
trations have a negative effect on plant development and metal phytoextraction. However,
there is limited data on the effects of different REE concentrations, which makes it difficult
to clearly compare REE phytoextraction across different plant species [38]. For example, it
has been shown that La can induce hormesis in Oryza sativa L., Glycine max L., and Vicia
faba L. [8]. The range of REEs measured in plants was 19.6-2267 ug kg~! dry matter. The
addition of ash or flotation tailings did not increase the level of REE accumulation in plants.
Similarly, the author of [39] conducted studies with the addition of coal fly ash (CFA) to
alfalfa (Medicago sativa L.) and astragalus (Astragalus adsurgens Pall.). It was found that
adding CFA to the soil did not always significantly increase REE accumulation in plants
compared to those growing in soil alone.

In the study by [40], the accumulation of selected REEs in Dryopteris erythrosora grown
in soil was examined. It was shown that the fern accumulated La 11.79 mg kg~ d.m.,
39.41 mg kg~! d.m., and Gd 1.05 mg kg~! d.m. These values were higher than the REE
content measured in the present experiment. In another study, the authors of [41] found
that Phytolacca americana L., naturally growing in an REE extraction region (REE mine
with ion absorption), accumulated up to 1040 mg kg~ of these metals in its leaves. The
perennial plant showed a preferential accumulation of heavy REEs in the root absorption
process and a preferential accumulation of light REEs in the translocation process from the
stem to the leaf [42].
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Dicranopteris linearis is another example of a natural REE hyperaccumulator. Stud-
ies conducted in southern China showed that D. linearis could accumulate more than
1000 mg kg~ ! of REEs from both enriched and unenriched substrates. The study also
calculated the BCFE, which ranged from 1.11 to 14.8, and the TF, which ranged from 1.31 to
19.6 [43].

REE concentrations in common plants in natural conditions are usually low and
usually 10-3-10"1 ug g_l dw. In mining areas, however, the level of REEs in plant organs
is higher due to the higher content of metals in these areas [44]. In our experiment, REE
accumulation was higher in roots than in other plant organs. The distribution of metals
between the main organs of vascular plants is generally diverse. Usually, the metal content
is distributed as follows: roots > shoots > leaves [45]. It has been proven that REE can be
accumulated by roots due to similar ionic radii, which they share with calcium. In this case,
REEs can replace Ca molecules in several physiological processes, responsible for, among
others, plant growth and development [46].

The translocation factor (TF) is a parameter that defines the efficiency of a plant in
transferring metals from the roots to the shoots. To assess the plant’s ability to take up
elements, the bioconcentration factor (BCF) is calculated based on the ratio between the
concentrations of elements in the plant tissues (roots, shoots) and the substrate in which
the plant grows. If the ratio of metal content in the root to other plant organs and the ratio
of metal content in the plant to the substrate, are greater than 1, the plant can be classified
as potentially useful for phytoextraction. In practice, it is possible to collect and remove the
aboveground parts of the plant, where metals accumulate, from the site [47].

In the experiment, the highest TF factor was calculated for Dryopteris erythrosora in
substrate 2 (based on ash from the paper industry) for Gd. This plant showed higher TF
values compared to the other plants. D. erythrosora is a type of fern. Rare earth elements are
typically found in soil as ionic compounds, often bound to minerals or organic matter [48].
Fern roots release organic acids (such as citric acid and malic acid) into the soil, which
can help dissolve these REE compounds, making them more available for absorption.
Additionally, ferns are more resistant to lanthanide toxicity than other plant groups [49].
Studies [50] have shown that La has a beneficial effect on the growth of D. erythrosora
and is stored in mesophyll cells. It has also been shown that in the sporophyte, REEs are
translocated from the roots to the leaves via xylem sap and are stored in the xylem vascular
system [39].

In the case of T. pratense L., the TF factor was higher than 1 for all the rare earth
elements tested. This suggests that clover is characterized by relatively efficient transport
of rare earth elements from the roots to the shoots. Similarly, in studies [51] on the use
of T. pratense L. for phytoremediation of heavy metals in urban areas, the translocation
coefficient (TF) was also higher than 1 for Cr (7.428 and 1.956) and Ni (4.038 and 1.997).

However, in the experiment, the TF > 1 was obtained only for particular plants. In
most cases, it was lower than 1. In order to assess the ability of the plant to take up elements,
calculations are made of the ratio between the concentrations of elements in the plant body
(parts) and the substrate on which it grows [21]. In this experiment, the plants did not show
the ability to distribute metals between organs. In each case, REEs were retained at the root
level or were not acquired by plants to a larger extent.

Studies [52] showed that REE concentrations in parts of Tagetes erecta L. ranged from
0.75 to 20.26 mg kg~ !. It was also found that Ce was the most abundant REE in the samples,
constituting 39 to 45% of the total REE concentration. Additionally, the BCF index for REEs
was calculated and found to be lower than 1. This supports the results obtained for Tagetes
sp. in this experiment, where the BCF was also lower than 1.
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In another study [53], an attempt was made to identify native plant species growing
in mining areas (lead, silver, and zinc mining) that could potentially be used in phytoreme-
diation techniques. It was shown that the BCF for La and Ce in the roots was higher than
the BCF for the shoots in the four species studied: S. oppositifolia, S. tenacissima, P. milaceum,
and A. herba-alba. The BCF range for La was 0.3-9.9, and for Ce, it was 0.1-4.3. However, a
TF > 1 was obtained only for P. milaceum for La.

Low values of both the transfer factor (TF) and bioconcentration factor (BCF) in the
experiment may have been caused by the properties of the substrates. Adding ash or
metallurgical waste to the substrates, despite higher REE content compared to the substrate
with soil, did not affect the accumulation of metals by the plants. The low values of the
coefficients obtained were likely influenced by several factors, including the alkaline pH
of the substrate, the potential toxicity of other metals, competition from nutrients and
other metals, and the inactivation of REEs by iron or aluminum compounds. Additionally,
rare earth metals are not essential elements for plants. The uptake and accumulation of
REEs depend on the plant species and morphology. For instance, some plants secrete
low molecular weight organic acids in the soil-root system, which act as chelating agents,
increasing the desorption of light REEs and facilitating the uptake of metals from the soil
by the plants [54].

4. Materials and Methods
4.1. Experimental Design

Four substrate variants were used in the experiment. The first variant was represented
by soil from Srebrna Géra in Lower Silesian Voivodeship in Poland (50°34'32" N, 16°39'35"
E). Ashes from the paper industry in Ostroteka and power plant ash from Upper Silesia
were used for producing the second and third variants, respectively. The fourth variant
was developed using zinc smelter flotation waste. The substrates were enriched with acidic
peat and compost to lower the pH level and enrich with organic matter. The compost was
collected from the GWDA company, Pita, Poland. It contained 30.2% organic matter and
had a pH of 6.2. It was produced based on a mixture of sewage sludge and selectively
collected green municipal, food industry, and agricultural waste. The compost is certified
as a soil improver.

The experiment was conducted in 1 kg pots in the greenhouse of the Institute of Soil
Science and Plant Cultivation—State Research Institute in Putawy (Poland). The final
composition of the substrates in the pots is presented in Table 5.

Table 5. Composition of the substrates used for the greenhouse experiment (weight percentage).

Soil Ash Smelter Waste Compost (GWDA) Peat
Substrate 1 95% - - 5% -
Substrate 2 - 30% - 20% 50%
Substrate 3 - 30% - 20% 50%
Substrate 4 - - 40% 20% 40%

Eight plant species were used as experimental plants, selected based on available liter-
ature: common yarrow (Achillea millefolium), false mayweed (Tripleruosperum maritimum),
tall fescue (Festuca arundinacea), marigold (Tagetes sp.), maize (Zea mays), white mustard
(Sinapis alba), red clover (Trifolium pratense L.), and autumn fern (Dryopteris erythrosora).
A. millefolium and T. maritimum are common herbaceous plants occurring in temperate
climates, and are resistant to unfavorable climatic conditions. In the studies [55], it was
proven that A. millefolium is able to accumulate higher zinc (Zn) and cadmium (Cd) content,
while the authors of [56] proved the ability of yarrow to phytostabilize in Cu-contaminated
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soils located in the mining region. On the other hand, naturally growing in the mining
area, T. martimum showed phytoextraction properties for mercury (Hg). F. arundinacea
is a perennial grass widely distributed on all continents with a temperate climate, quite
commonly used in phytoremediation. It is a plant species widely studied in terms of the ac-
cumulation of pollutants from soil [57]. F. arundinacea has been shown to accumulate higher
concentrations of lead (Pb), zinc (Zn), nickel (Ni), cadmium (Cd), and petroleum hydrocar-
bons [58-60]. Z. mays, S. alba and T. pretense L. are crop plants with high biomass growth.
These plants are often used in research as model plants. T. pratense L. has demonstrated
phytoextraction capabilities for high concentrations of arsenic (As), as well as lead (Pb) and
antimony (Sb) [61,62]. In turn, Z. mays shows, among others, phytoremediation potential
for Cu, Cd, Cr, Ni, and phytostabilization potential for Co [63—66]. In turn, D. erythrosora is a
fern from Japan. In the literature, it is presented as a natural REE hyperaccumulator [50,67].
Tngetes sp. was selected due to its use in urban areas, and there are also reports in the
literature documenting its phytoremediation properties. In studies by the authors of [68,69],
Tagetes sp. was shown to be an effective phytoextractor for Cd and Zn and an exclusion
factor for Pb.

Each substrate and plant variant was represented by three replications in the study.
The experiment was conducted in a greenhouse for 3 months starting in May. The plants
were watered with distilled water according to current needs.

4.2. Analysis of Substrate Components

Samples of each component of the four substrates were dried in an oven, ground, and
sieved through a 2 mm sieve. The pH in the water slurry was determined in a ratio of 1:5
(sample-water ratio). Total N and total C were determined on a Vario Macro Cube CN
analyzer from Elementar Analysensysteme GmbH (Langenselbold, Germany) (according
to the methods: DIN/ISO 13878:1998 [70] for total N and ISO 10694:1995 [71] for total C).
Soil and waste samples weighing 0.5 g were digested in aqua regia (HCI-HNOj in a ratio of
3:1) in PFA Teflon vessels in a microwave-accelerated reaction system (MarsXpress; CEM
Corp., Matthews, NC, USA). The obtained samples were analyzed using ICP-MS (Agilent
7500ce, Santa Clara, CA, USA). The characteristics of the substrates used in the substrates
are given in Table 6.

Table 6. Content of elements (mg kg~!) and other chemical properties of raw substrates: 1—soil,
2—ash from the paper industry, 3—power plant ash, 4—smelter waste. High content of elements is
marked in bold.

Element Soil Paper Industry Ash  Power Plant Ash ~ Smelter Waste
Li 24 19.2 11.3 32
Be 0.1 2.1 0.8 1.5
Al 3674 59,437 15,669 10,064
\Y% 10.5 174.1 355 54.7
Cr 7.6 104.7 46.6 419

Mn 143 447 631 6228
Fe 4689 54,200 14,031 23,6248
Co 1.6 30.5 15 14.7
Ni 43 85.1 53.4 70.3
Cu 3.1 48.4 498.03 16.2
Zn 14.3 113.7 892.72 126,228

As 2.0 22.8 9.3 2724.46
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Table 6. Cont.
Element Soil Paper Industry Ash  Power Plant Ash ~ Smelter Waste

Se 0.1 23.1 1.1 12.2

Sr 0.5 30.9 36.1 3.1

Mo 0.1 2.9 3.7 13.7

Ag 0.1 0.2 4.7 39.8

Cd 0.1 5.2 11.2 573.6

Sn 0.1 2.0 22,6 0.5

Sb 0.0 0.4 16.4 7.2

Ba 19.3 3179 797.7 50.5

La 6.2 67 8.9 7.0

Ce 13.1 120.4 18.6 16.6

Eu 0.1 227 0.5 0.2

Gd 0.9 12.45 1.9 15

Tl 0.05 0.64 0.4 19.4

Pb 9.3 40.7 117.4 21,782.9

Bi b.d. 0.7 6.3 0.1

Na 21.1 285 8770 62.8

Mg 651 4235 10,300 16,277

K 1209 733 18,455 1721

Ca 987 151,265 130,492 37,220

pH in H,O 6.60 7.93 11.26 8.55

uSE/(im 146 1238 11,080 200

Total nitrogen 007 0.05 0.02 0.12
% N

fota) carbon 0.75 3.79 178 20.60

b.d.—below detection.

4.3. Plant and Substrate Analysis

After three months, the aboveground parts were cut and the roots were gently sepa-
rated from the substrate. The plant parts were washed with tap water and then distilled
water and dried in a dryer for about 2 days at 50 °C. The dried plants were ground for
laboratory analysis.

Plant samples, separately aerial parts and roots (0.5 g), were digested in concentrated
HNO; in Teflon PFA vessels in a microwave-accelerated reaction system (MarsXpress;
CEM Corp., Matthews, NC, USA). The prepared liquid samples were then analyzed using
ICP-MS (Agilent 7500ce, Santa Clara, CA, USA). As a certified reference material, soybean
flour (INCT-SBF-4) and mixed Polish herbs (INCT-MPH-2) were used.

The substrates from the experiment were sampled after plant harvest, air-dried in a
dryer, ground, and sieved through a 2 mm sieve. Then, the substrates were subjected to pH
analysis in a water slurry (1:5 sample-water ratio).

4.4. Statistical Analysis

The results were analyzed using factorial analysis of variance (ANOVA). Tukey’s test
(HSD) was used to analyze differences between the content of elements.
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The tolerance index (TI) is often calculated using the following formula [26]:
TI = (Growth of plantin contaminated soil/ (Growth of plant in uncominated soil) (1)

Two indices were calculated to assess the accumulation of REEs in plant tissues. The
bioconcentration factor (BCF) is a calculated value that indicates the ability of plants to
remove metal compounds from the soil or substrate:

BCF = Cplant organs / Csoil/ substrate )

where,

Cplant organs 18 the concentration of metal in collected plant tissues, and

Csoil/substrate 15 the concentration of metal in soil or substrate [21].

In this experiment, the metal content used for BCF calculations was the initial value.
Additionally, REE concentrations were calculated proportionally (Table 5) from the metal
contents obtained from the substrate component analysis.

The second calculated factor was the translocation factor (TF):

TF = Cshoot/Croot (3)

where,
Cshoot 18 the concentration of metals in shoots, and
Croot is the concentration of metals in roots.
These factors determine the ability of plants to tolerate and accumulate metals [21].

5. Conclusions

This experiment demonstrated that the tested plants generally accumulate REEs in
low amounts, with a significant portion retained at the root level. As a result, the recovery
of REEs from the aboveground biomass was low. Additionally, based on the calculated
BCF and TF coefficients, the plants cannot be classified as REE phytoextractors. However,
there were significant differences between individual plant species in terms of biomass
production, REE concentrations, and accumulation or translocation patterns. For example,
clover showed a greater ability to translocate REEs from the roots to the shoots compared to
other plant species. In general, based on data such as biomass growth, metal accumulation,
and the calculated coefficients, it can be suggested that the most efficient plants for REE
accumulation were Trifolium pratense L. and Dryopteris erythrosora. The study also showed
that, among the different plant species, the most optimal substrate was soil collected from
a former industrial site enriched with REEs. From a practical standpoint, further research
should focus on optimizing REE uptake by plants by adding chelators to the substrates
under controlled greenhouse conditions.
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Abstract. Phytoextraction is a phytoremediation technique that uses plants to remediate contaminated areas. The aim of the study was
to investigate the differences between the use of two doses of chelate (5 mM and 10 mM): CA, EGTA, and EDTA on three selected
plant species which grew on two substrates (soil with increased REE content, ash). The study focused on the following rare earth ele-
ments (REE) representatives: lanthanum (La), cerium (Ce), europium (Eu), and gadolinium (Gd). Three plant species were included
in the study: common yarrow (Achillea millefolium L.), red clover (Trifolium pratense L.) and autumn fern (Dryopteris erythroso-
ra (D.C.Eaton) Kuntze). The plant were grown on two substrates, the main components of which were soil with increased REE content
and ash. Plant samples, divided into aboveground part and underground part, were analyzed by ICP-MS. The obtained REE concen-
trations in plant tissues ranged from 0.02 to 60.20 mg kg™! (La), 0.05 to 62.22 mg kg! (Ce), 0.01 to 45.91 mg kg! (Eu), and 0.02 to
63.60 mg kg! (Gd). To determine the ability of plants to phytoextract REE, two factors were calculated: the translocation factor (TF)
and the bioconcentration factor (BCF). The highest TF value was obtained for D. erythrosora and A. millefolium, when they were
grown on substrate with ash. BCF>1 was not obtained for any of the plants tested. In general, the effect of chelates on REE accumula-
tion was plant-specific. The application of CA resulted in the most efficient REE accumulation by plants.

Keywords: rare earth elements, phytoextraction, contaminated areas, chelate, phytoremediation, common yarrow, red clover,

autumn fern

INTRODUCTION

Rare earth elements (REE) have a wide range of ap-
plications. They are used, among others, in industry, ag-
riculture, modern technologies or so-called “green” tech-
nologies. As a result of their increasingly common use,
they might be released into the environment in the form
of waste. Due to the mining sector associated with the ex-
traction of rare metals, their impact on the environment
and soil pollution is increasing (Lima, Ottosen, 2021).The
waste can be a secondary source of their transfer to the
environment.

REE accumulation in soil can potentially create a risk
of toxic effects on living organisms or even humans in cer-

tain cases. It has been shown that REE can negatively af-
fect the level of brain intelligence, which can ultimately
result in memory loss. REEs can also enter the placenta
and blood during pregnancy, which can lead to birth de-
fects (Wu et al., 2013; Adeel et al., 2019).

According to the International Union of Pure and Ap-
plied Chemistry (IUPAC), REEs are a group of 15 lantha-
nides with atomic numbers from 57 to 71 and 2 scandiums
with atomic numbers 21 and 39, namely lanthanum (La),
cerium (Ce), praseodymium (Pr), neodymium (Nd), pro-
methium (Pm), samarium (Sm), europium (Eu), gadolini-
um (Gd), terbium (Tb), dysprosium (Dy), holmium (Ho),
erbium (Er), thulium (Tm), ytterbium (YDb), lutetium (Lu),
scandium (Sc) and yttrium (Y) (Tao et al., 2022). REEs are
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not as rare in the Earth’s crust as their name suggests. The
most abundant element is Ce, since its average concentra-
tion is about 66.5 mg kg!. However, REE deposits are scat-
tered in the Earth’s crust in low concentrations (Dinh et al.,
2022). Natural resources of REEs are limited so these ele-
ments are treated as critical raw materials. Therefore there
is an increasing interest in recovery of metals, including
REEs, from industrial waste such as ash or REE enriched
soils.

In the case of plants, REEs are accumulated in the or-
der root>leaf>stem>flower>fruit. However, near polluted
areas, the metal content on the leaf surface is higher due
to dust deposition (Yin, 2021). Phytoextraction is a pro-
cess where plants extract contaminants from soil or water,
then transport and store them in above-ground tissues. The
most effective plants for this purpose are hyperaccumula-
tors. These are plant species that can accumulate larger
amounts of metals in their above-ground parts without
toxic effects on them. For REE hyperaccumulators, the
threshold concentration is 100 to 1000 mg kg (Dinh et
al., 2022; Deepika, Haritash, 2023). This is an environ-
mentally friendly and inexpensive method, useful in soil
remediation, but the main limitation is that it is inefficient.
Therefore, ways to improve the method are being sought
(Zhang et al., 2024). Adding chelates in phytoremediation
methods can accelerate metal removal from soil or waste.
Chelating agents act as a chemical bond, which results in
the formation of metal chelate complexes. These chelates
contribute to the increased solubility and plant availabil-
ity of metals (Wu et al., 2013; Salifu et al., 2024). It has
been shown that chelators can increase the rate of absorp-
tion and translocation of metals by up to 45% from roots to
above-ground plant parts in the process of phytoremedia-
tion. Both synthetic and natural compounds can be used as
chelators. The synthetic ones include: ethylenediaminetet-
raacetic acid (EDTA) and nitrilotriacetic acid (NTA), and
the natural ones: histidine, citric acid, malic acid and cit-
rate (Beiyuan et al., 2021; Zulkernain, et al., 2023). Chela-
tors such as EDTA or Amino-acids (AA) act by increasing
the bioavailability of heavy metals and rare earth elements.
Low molecular weight organic compounds, including mal-
ic acid, citric acid, histidine and citrates, are secreted by
roots into the soil and then act as chelating agents enabling
the release, translocation and accumulation of heavy met-
als (Rabbani et al., 2024). Chelator-induced solubility of
metals can pose an environmental risk related to leaching
of metals to groundwater. Therefore, it would be justified
to perform such induced phytoextraction under controlled
conditions, for example in containers without leakage of
soil solution. Such a technology would enable use of con-
structed substrates, produced on a basis of industrial waste
combined with some organic materials to improve plant
growth conditions.

In order to fill some knowledge gaps, the aim of the
study was to demonstrate the differences between the use
of two doses of chelators (5 mM and 10 mM): CA, EGTA,

and EDTA on three selected plant species which grew on
two substrates. The plant species were used: Achillea mille-
folium L., Trifolium pretense L., Dryopteris erythrosora
(D. C.Eaton) Kuntze). In this study, the following REE
representatives were measured in plant tissues: lanthanum
(La), cerium (Ce), europium (Eu), gadolinium (Gd). The
substrates were used based on: soil with increased REE
content and power plant ash.

MATERIALS AND METHODS
Experimental design

The pot experiment was conducted in pots in the green-
house of the Institute of Soil Science and Plant Cultivation
— State Research Institute in Putawy (Poland). The experi-
ment was conducted under controlled conditions from the
beginning of May to the end of September 2024.

Two substrate variants were used as media to grow the
plants:

— soil enriched with LaCl,, CeCl,, EuCl, and GdClI, (sub-
strate 1). All these elements were added to the soil as water
solutions at rate 100 mg of an element per kg of soil. Ad-
ditionally compost was added to the soil to improve plant
growth conditions and to provide nutrients. The compost
came from the GWDA company in Pila. It consisted of
30.2% organic matter and the pH was 6.2. It was produced
on the basis of a mixture of sewage sludge and selectively
collected green municipal, food and agricultural waste.
The compost is certified as a soil improver. Soils had been
left for 1 month after adding the REEs and the compost to
let them react with soil before the experiment was started.
Total weight of substrate 1 in pot was 2 kg (95% soil and
5% compost).

— a substrate prepared on a basis of ash from a power
plant located in Upper Silesia (substrate 2). Peat was added
to the substrate to lower pH of ash and GWDA compost to
further improve plant growth conditions. The peat added
was a commercial product. The substrate had been left for
1 month after mixing ash with peat and compost to let them
react. Total weight of substrate 2 in pot was 1.66 (30% ash,
50% peat, 20% compost). In substrate 2 the weight of the
substrate was lower compared to substrate 1 due to the final
volume of this substrate.

Three plant species were then grown in the pots: red
clover (Trifolium pratense L.) and common yarrow (Achil-
lea millefolium L.) were sieved and autumn fern (Dryop-
teris erythrosora (D.C.Eaton) Kuntz) was planted from
seedlings. T pratense is a plant belonging to the Fabaceae
family, cultivated in most regions with a temperate cli-
mate in Europe and around the world. There are studies on
the resistance of 7. pretense to the accumulation of large
amounts of heavy metals and other pollutants (Dluhoso-
va et al., 2018; Cakaj et al., 2023; Zhou et al., 2024). 4.
millefolium (family: Asteraceae) is a perennial herbaceous
plant that occurs almost all over the world. This plant can
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grow even in poor soils, if not very acidic, and does not
have high requirements for temperature or moisture (Syso
etal., 2016; Alietal., 2017). According to the available lit-
erature, D. erythrosora (family: Dryopteridaceae) is a fern
native to Japan, which under natural conditions can accu-
mulate high concentrations of REE from the soil and can
be considered as a natural REE hyperaccumulator (Ozaki
et al., 2000; Yoo et al. 2017).

The chemical characteristics of the substrate compo-
nents are presented in Table 1. The soil was alkaline (pH
7.1) but after mixing with compost and reacting pH dropped
to 6.2. Soil carbon (C) content was low — 1.19%. The
contents of REE of interest were as follows: 8.4 mg kg'!,
18.5 mg kg, 0.24 mg kg! and 1.47 mg kg for La, Ce,
Eu and Gd, respectively. The power plant ash used to pre-
pare the substrate 2 was alkaline (pH 8.5) and it contained
20.6% of C. The ash was relatively rich in Fe (1.40%) and
Al (1.56%) and it contained 798 mg Ba kg, 893 mg Zn
kg!, 11.2 mg Cd kg and 117 mg Pb kg to mention po-
tentially toxic trace elements. The contents of REE in ash
were as follows: 8.9 mg kg, 18.7 mg kg!, 0.54 mg kg
and 1.91 mg kg™! for La, Ce, Eu and Gd, respectively.

The final content of elements in the substrates is pre-
sented in Table 2.

One month after establishing plant growth, chelators
were added to the soil as aqueous solutions. Three chela-
tors were used in the experiment: citric acid (CA), egtazic
acid (EGTA) and ethylenediaminetetraacetic acid (EDTA).
The chelators were used at two concentration levels: 5 and
10 mM per kg of soil. CA is classified as a low molecular
weight organic acid, it is an easily biodegradable natural
chelate. It has a high capacity to chelate heavy metals in the
soil and due to the small size of its molecules it is absorbed
by plant roots at a faster rate compared to EDTA (Ibrahim,
2023). EGTA is a chelate that is biodegradable and non-
toxic to organisms. It has high efficiency, and when used in
phytoextraction of heavy metals, it does not show negative
effects on growth and yield (Mohrazi et al., 2023). EDTA
is a non-biodegradable chemical compound that contrib-
utes to the increase of the solubility of heavy metals in the
soil solution, which results in increased bioavailability of
heavy metals and their uptake by plants. However, the use
of EDTA as a chelator is associated with a risk to the envi-
ronment due to the leaching of metals when applied to soil
in situ (Poursattari, Hadi, 2022). Plants growing in sub-
strates without the use of chelators were used as controls.
The experiment was watered with distilled water according
to current needs. The experiment was performed in tripli-
cate.

Plant and soil analyses
After 5 months, the plants were cut and the underground

parts were gently separated from the growing media. The
plants were divided to aboveground parts and undergrounds

Table 1. Content of elements (mg kg™') and other chemical prop-
erties of the soil (before adding REE solutions) and the power
plant ash.

Element Soil Power plant ash
Li 3.25 11.31
Be 0.19 0.83
Al 4967.47 15669.29
\% 14.19 35.53
Cr 10.59 46.60
Mn 225.16 6313.97
Fe 7244.23 14030.51
Co 3.20 15.05
Ni 7.58 53.49
Cu 6.75 498.03
Zn 48.39 892.71
As 2.71 9.30
Se 0.19 1.08
Sr 1.08 36.12
Mo 0.24 3.69
Ag 0.14 4.77
Cd 0.24 11.17
Sn 0.04 22.68
Sb 0.04 16.48
Ba 31.73 797.73
La 8.42 8.90
Ce 18.52 18.65
Eu 0.24 0.54
Gd 1.47 1.91
Tl 0.04 0.39
Pb 12.91 117.42
Bi 0.09 6.29
Na 40.31 8769.68
Mg 941.25 10300.19
K 1768.18 18454.72
Ca 1167.80 130492.47
pH in HO 7.13 8.55
EC
[1uS/cm] 99 11080
Total
nitrogen 0.09 0.12
[%N]

Total carbon
[%C] 1.19 20.60

Table 2. Contents of the tested REE: La, Ce, Eu and Gd [mg kg'']
in the substrates used in the experiment. Two substrate were
used: substrate 1 (95% soil, 5% compost), and substrate 2
(30% ash from a power plant, 20% compost, 50% peat).

Substrate La Ce Eu Gd
1 103.55 107.52 90.01 100.54
2 9.98 20.16 0.66 2.28
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parts. For A. millefolium, the above-ground parts included:
stem, leaves, inflorescence, while the underground parts
included: tap roots and fascicle roots. On the other hand,
for T. pratense, the above-ground parts included: shoots,
leaves, flowers, and the underground parts: roots. For D.
erythrosora, the above-ground parts included: leaves, and
the underground parts included: rhizomes and adventitious
roots. The samples were then thoroughly rinsed first in tap
water and then in distilled water. Subsequently the samples
were dried in an oven at 50°C for 2 days. Then the plants
were weighed on a laboratory scale, the above-ground
and underground parts separately. The dried samples were
ground in an electric mill and subjected to further labora-
tory analyses. In order to determine the content of elements
in the dry mass of plants 0.5 g of separately above ground
parts and underground parts were weighed to be digested
in concentrated HNO, in Teflon PFA vessels in a micro-
wave-accelerated reaction system (MarsXpress; CEM
Corp., Matthews, NC, USA). The prepared liquid samples
were analyzed using ICP-MS (Agilent 7500ce). As a certi-
fied reference material, soya bean flour (INCT-SBF-4) and
mixed Polish herbs (INCT-MPH-2) were used. Then the
samples were mineralized in a microwave oven.

The soil samples were dried in a dryer at 50 °C for 4
days, then sieved through a 2 mm sieve and homogenized.
The substrate samples were analyzed for pH in water (1:5
substrate — water v/v rate).

Two indices were calculated to assess the chelate-as-
sisted phytoextraction intensity. The bioaccumulation fac-
tor (BCF) was calculated based on the following equation:

BCF = Chavvested Iissue/csoil/substrate
where:
Cavvested tissue 18 the concentration of metal in collected plant
tissues,
C is the concentration of metal in soil or substrate.

soil/substrate

The translocation factor (TF) was calculated as follows:

TF =C,,../C

shoot” ~root

where:

Coot 18 the concentration of metal in shoots,

C,.o 18 the concentration of metal in roots.
These factors characterize the ability of plants to toler-

ate and accumulate metals (Takarina, Pin, 2017).

Statistical analysis

The statistical evaluation of the obtained results was
performed using the Statistica v. 13.1 program. The re-
sults analyzed were the average of 3 repetitions. The ex-
periment included the following factors: chelate and type

of substrate for the plant species. The results obtained in
the experiment were analyzed using factorial analysis of
variance (ANOVA). The significance of differences was
assessed using the Tukey’s (HSD) test (significance level
0=0.05).

RESULTS
Plant growth

The effect of individual chelates on plant growth and
yield was varied and dependent on the plant species and
substrate. Biomass growth data for three plant species are
presented in Figure 1.

In pots planted with 4. millefolium growing on sub-
strate 1, the greatest loss of biomass was observed after
the application of 5 mM EGTA and 5 mM EDTA. A de-
crease in biomass of 22% (for 5 mM EGTA) and 21% (for
5 mM EDTA) was noted. In the case of growth on substrate
2, A. millefolium responded with a significant decrease in
growth only after the application of CA at a concentration
of 10 mM (by 19%). On the other hand, the application of
10 mM EDTA stimulated its growth to the greatest extent
(by 15% compared to the control).

In the case of T. pratense grown in substrate 1, all add-
ed chelates significantly increased its growth except for
10 mM CA, where the increase in biomass was insignifi-
cant. The greatest growth-stimulating effect was observed
after the addition of EDTA at both doses: with 5 mM EDTA,
a 34% increase in biomass was noted, and with 10 mM
EDTA an increase of 51%. No decrease in growth was ob-
served in T pratense grown in substrate 1. For substrate 2,
the obtained biomass was significantly lower compared to
substrate 1. For 7. pratense grown in substrate 2, a slight
increase in biomass was noted after the use of 5 mM CA
and 5 mM EDTA, an increase of 11% and 15%, respec-
tively.

In the case of D. erythrosora growing on medium 1,
a significant increase in biomass was noted after the appli-
cation of chelates: 5 mM EGTA, 5 mM EDTA and 10 mM
EGTA, an increase of 22%, 32% and 22%, respectively.
For substrate 2, the greatest significant effect was noted
after the application of 5 mM and 10 mM EDTA, biomass
increased by about 40%.

Change of substrate pH

Tables 3 and 4 show the pH values of both substrates
used in the experiment after plant harvest. Analysis of vari-
ance did not show statistical significance for pH for plant
species and substrates. The initial pH value of substrate 1
was 6.2, while for substrate 2 produced with ash as a base
it was 7.5.

For substrate 1 A. millefolium increased the pH to 6.6
(control) compared to the initial pH. Adding chelates to the
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Figure 1. The total biomass production (g pot™, dw, mean+ SD, n=3)
for Achillea millefolium, Trifolium pratense and Dryopteris eryth-
rosora grown on substrate 1 (95% soil, 5% compost), and sub-
strate 2 (30% ash from a power plant, 20% compost, 50% peat).
Values marked with different letters indicate significant differenc-
es within substrates and chelators for each plants species at p<0.05
according to Tukey’s HSD test (ANOVA).

Table 3. Values of pH of the substrates used in the experi-
ment after the plant harvest (pH in H,O, mean+ SD, n=3)
in substrate 1 (95% soil, 5% compost).

Achillea Trifolium Dryopteris

Chelate millefolium  pratense  erythrosora
Control 6.6+0.15 59+0.10 6.2+020
5mM CA 62+0.10 59+0.05 59+0.17

5mMEGTA  59+0.09 5.6+0.10 5.9+0.16
5mMEDTA  62+0.14 5.6+0.09 6.1 +0.03
10 mM CA 5.5+0.07 5.6+0.17 5.7+0.17
10 mM EGTA 5.6 £0.13  6.1+0.14 5.7+0.16
10 mM EDTA 5.6 £044  59+0.06 5.9+0.25

Table 4. Values of pH of the substrates used in the experi-
ment after the plant harvest (pH in H,0, mean= SD, n=3)
in substrate 2 (30% ash from a power plant, 20% com-
post, 50% peat).

Achillea Trifolium  Dryopteris

Chelate millefolium  pratense  erythrosora
Control 7.3+0.19 7.4 +0.02 7.440.03
5mM CA 73+£0.08 73+£0.04 7.4+0.06

SmMEGTA 7.5+£0.196 7.4+0.04 7.6 +0.04
5mMEDTA 7.3 +0.06 7.3+0.06 7.4+0.13
10 mM CA 7.2+0.02 7.3+0.06 7.3+0.04
10 mM EGTA  7.3+0.03 7.3+0.03 7.3+0.08
10 mM EDTA  7.4+0.04 7.3+0.18 7.3+0.10

substrate decreased the pH for 4. millefolium and D.
erythrosora compared to the control. For 7. pratense,
the addition of 10 mM EGTA increased the pH by 0.2
compared to the control.

For substrate 2 all plants grown without the ad-
dition of chelates (control) decreased the pH of the
substrate compared to the initial pH. For A. millefo-
lium, the addition of 5 mM EGTA and 10 mM EDTA
increased the pH value by 0.2 and 0.1, respectively,
compared to the control. Similarly, the addition of
5 mM EGTA increased the pH in D. erythrosora by
0.2. In the case of T trifolium, after the application of
chelates, the pH was equal or lower compared to the
control.

Accumulation of REE in plants tissues

The concentrations of the measured REEs (La, Ce,
Eu, Gd) in plant parts (aboveground and underground
parts, separately) are presented in Tables 5-7. Two-
way analysis of variance showed a significant effect of
chelates and substrate types on the aboveground and
underground parts of plants. Studies have shown that
plants obtained many times higher concentrations of
rare earth elements from substrate 1 than from sub-
strate 2. It can be assumed that was driven by much
lower pH and the fact that REEs were added as so-
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lutions to the soil, creating larger pool of plant available
elements. There were also substantial differences between
plant species in REE accumulation in control and chelate
treated substrates, with the order of accumulation ability
being as follows: D. erythrosora > T. pratense > A. mille-
folium.

In addition, it was shown that the plants retained
a greater amount of acquired REEs in roots than in the
above-ground parts of plants. It was also noted that un-
derground parts in most cases were characterized by a de-
crease in REE accumulation after adding chelators com-
pared to the control.

Comparing the accumulated REE in above ground
parts for substrate 1, the addition of EDTA at a concentra-
tion of 10 mM turned out to be the most effective additive
for A. millefolium and T. pratense. The content of REEs
increased in 4. millefolium comparing to the control by
0.32 mg kg™, 1.42 mg kg™!, 3.69 mg kg and 2.75 mg kg™
for La, Ce, Eu and Gd, respectively; and in 7. pratense by
3.10 mg kg™ and Gd 7.73 mg kg™ for Eu and Gd, re-
spectively. For Ce, 10 mM EGTA and 10 mM EDTA were
the most effective, with an increase of 1.0 mg kg™' and
0.81 mg kg™, respectively

In turn, for REE accumulation in roots of A. millefoli-
um and T. pratense the most effective addition was EGTA:
5 mM rate for A. millefolium and 10 mM for T. pratense.
The REE content in A. millefolium underground parts in-
creased compared to the control by 14.04, 15.75, 18.08 and
17.86 mg kg! for La, Ce, Eu and Gd, respectively, after
adding 5 mM EGTA to the soil. The dose of 10 mM EGTA
stimulated increase in content of La, Ce, Eu and Gd in T
pratense by: 18.04, 19.09, 29.75, 4.06 mg kg™, respectively.

In the case of substrate 2, no significant differences in
REE accumulation were observed compared to the control
(Tables 5 and 6). Additionally, plants accumulated lower
amounts of metals in substrate 2 compared to substrate 1.

Dryopteris erythrosora accumulated higher amounts of
REE than the other two plant species. In the case of culti-
vation in substrate 1, the accumulation of La, Ce and Gd
in the aboveground parts was most effectively stimulated
by 10 mM CA (an increase of 14.81 mg kg™!, 7.76 mg kg™
and 4.42 mg kg™! was observed for La, Ce and Gd, respec-
tively, compared to the control). For Eu, the same effect
was obtained using 5 mM, 10 mM of CA and EGTA.

Analyzing the REE content in the underground parts of
D. erythrosora grown on medium 1, no significant increase
in the accumulation of La and Gd was noted after adding
chelates to the substrate. For Ce, a significant increase was
noted after the use of 5 mM CA, 10 mM EGTA and 10 mM
EDTA compared to the control (an increase of 9.96 mg
kg™, 12.18 mg kg™!, 11.41 mg kg™, respectively). On the
other hand, for Eu, a significant increase was noted for D.
erythrosora treated with 5 mM CA and 5 mM and 10 mM
EDTA, an increase of 9.59, 10.15 and 8.79, respectively.
For the underground parts, similarly to the other plants, no
significant differences in REE accumulation were noted.

The translocation (TF) and bioconcentration (BCF)
factors are shown in Figures 2 and 3. TF greater than 1
was obtained only for D. erythrosora and A. millefolium,
when they were grown on substrate 2. The highest TF in
the entire experiment was attributed to the application of
CA at a concentration of 10 mM equal to 5.40 for La (D.
erythrosora). The highest TF for Gd (4.71) for D. eryth-
rosora was calculated for the same chelate at 10 mM rate.
The application of 5 mM EDTA for D. erythrosora gave
the highest TF for Ce (3.09) whereas 5 mM CA gave the
highest value for Eu (4.00). In case of A. millefolium grown
on substrate 2, TF = 1 was obtained only after adding
5 mM EDTA (1.00) for Gd and 10 mM CA (1.00) for Eu to
the substrate (Figure 2).

There were very clear differences in TF values between
the substrates tested and the plant species. For the substrate
2, TF values increased in the following order: D. erythro-
sora > A. millefolium > T. pratense. In case of substrate
1, the greatest TF values were reported for D. erythrosora
whereas two other plant species in general had similar val-
ues (Figure 2).

BCF > 1 was not recorded in this experiment. The high-
est BCF index for La and also the highest in the experiment
was obtained in substrate 1 for D. erythrosora after appli-
cation of 10 mM CA (BCF = 0.28). For the same plant in
substrate 1, the highest indexes were obtained for Ce, for
which the BCF was 0.19 after application of 5 mM CA,
10 mM CA and 10 mM EDTA. On the other hand, the high-
est BCF = 0.22 was obtained for 7. pratense for Eu (sub-
strate 2) after application of 10 mM CA. The highest BCF
index for Gd (BCF = 0.23) was obtained for 4. millefolium,
which was grown in substrate 1 with application of 5 mM
EGTA (Figure 3).

DISCUSSION

High biomass growth or the ability of plants to accumu-
late higher concentrations of metals without toxic effects
on the plant are the conditions that a plant must meet in
order to be effective in phytoremediation or phytomining.
When using phytoremediation techniques, it is important
to ensure that the plant used is capable of creating a suffi-
cient biomass. Plants that accumulate metals are harvested
and then subjected to a pyrolysis to recover the metals. It
has been proven that lanthanides (especially La and Ce)
can stimulate the growth of certain plant species. For ex-
ample, by promoting nitrogen metabolism and other meta-
bolic pathways (He et al., 2022). In this experiment the
largest amount of biomass was obtained for 7. pratense.
This plant is usually grown as a fodder plant due to its high
biomass growth and high protein content. Higher biomass
was collected for plants grown on substrate 1 compared
to substrate 2. This could have been due to stimulation of
growth after prior adding REE in easily soluble form and
overall better growth conditions than present in substrate 2
(Gréman et al., 2001).
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Figure 3. Bioconcentration factor for La, Ce, Eu and Gd for Achillea millefolium, Trifolium pratense and Dryopteris erythrosora in two substrates. The substrates used were as follows:

substrate 1 (95% soil, 5% compost), substrate 2 (30% ash from a power plant, 20% compost, 50% peat). The markings show BCF for: La-1, Ce-1, Eu-1, Gd-1 — REE in substrate 1, La-

2, Ce-2, Eu-2, Gd-2 —REE in substrate 2.
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Evaluating direct effects of the applied chelates on plant
growth, it is difficult to draw general conclusions. The ef-
fects was rather plant specific. Literature search provides
ambiguous information on EDTA impact on plant growth
since both toxic and protective effects have been reported
(Saleem et al. 2020). Our data suggests that the doses of
chelates applied (5 and 10 mM) are in general not harmful
to the tested plant species, however the sensitivity of plants
can be diverse.

Soil pH directly affects plant development by deter-
mining the availability of nutrients and metal toxicity to
plants. Adequate availability of macronutrients for plants
occurs in the range of pH 6-7 (Remigio et al., 2020). In the
experiment, the pH of the substrates ranged from 5.5 to 7.6.
In the studies conducted by Cao et al. (2001) it was shown
that the release of La, Ce and Gd gradually increases with
decreasing pH.

In accordance with this theory, it was observed that
plants accumulated higher amounts of REE in substrate 1,
which contained a lower pH compared to substrate 2. Some
plants prefer more acidic environments and may contribute
to lower soil pH due to the release of organic acids into the
substrate or through root exudates as observed in the case
of the fern D. erythrosora (Shan et al. 2003).

Two substrates were used in the experiment: one con-
sisting of soil (substrate 1) and the other whose main
component was ash (substrate 2). Due to the global use of
coal-based energy, environmental problems are increasing,
including the creation of areas where fly ash (FA) landfills
are located. FA waste disposal is characterized by a high
degree of absorption of water, energy and land surface. It
is also the cause of pollution associated with the atmos-
phere and water bodies. FA, compared to soil, has a lower
water retention capacity, so it can cause water stress more
quickly (Yadav et al., 2021).

This may result in slower plant growth and reduced
biomass production. In this experiment, plants growing on
substrate 2 had lower biomass compared to plants growing
on substrate 1, however the differences can be of complex
character, involving overall physical and chemical growth
conditions, direct effects of chelates and chelate-driven
availabilities of nutrients and micronutrients.

For substrate 1, the REE content in plant tissues ranged
from 0.31 to 63.60 mg kg! , while for substrate 2, the REE
ranged from 0.01 to 0.94 mg kg'. The determined REE
content was higher in substrate 1 than in substrate 2.

There were substantial differences between levels of
REE in aboveground and underground parts between the
substrate 1 and substrate 2. Addition of REE salts have cre-
ated much larger pool of plant available REE in soil. It is
commonly observed that elements added to soil as salts or
salt solutions are in short-term much more easily absorbed
by plants as those present in soil minerals or sorbed by soil
components (Dong et al., 2021). Both in control and che-
late treated substrates the greatest ability to bioaccumulate
REE showed T pretense.

Most of the REEs were accumulated in underground
parts and not transferred further to above ground parts.
According to Ramos et al. (2016). This is because REEs
absorbed by roots encounter an apoplastic barrier on
their way to the xylem. This results in difficulties during
the translocation of lanthanides to other plant organs. As
a result, the order of REE accumulation in plant tissues is
as follows: roots >stems >leaves >flowers >fruits >seeds.
Similarly, in the study of Lihong et al. (1999) showed that
the application of EDTA increased REE bioaccumulation
in wheat (7riticum aestivum L.) seedlings, metal both in
roots and tops (stem and leaves). However, still higher
REE content was measured in roots than in tops. It is as-
sumed that in the chemically assisted phytoremediation
method by adding chelating substances the content of met-
als taken up by the plant increases. In this study, the use of
chelators: CA, EGTA and EDTA a had small influence of
the studies plants. In the studies of Ozaki et al. (2000) af-
ter the addition of chelating reagents: NTA, lactic acid and
succinic acid to the medium containing Y, Ce, Pm, Eu, Gd,
Lu and Yb content in D. erythrosora increased compared
to the control. Nawaz et al. (2022) investigated the useful-
ness of Brassica napus in phytoremediation of Ni using
two chelators: 10mM CA and 1.5 mM EDTA. The stud-
ies showed greater metal accumulation by EDTA-treated
plants as compared to CA. Additionally, it was shown that
the addition of chelators alleviated the toxic effects of Ni
on canola. Other studies using chelating agents show that
enrichment of soil with histidine, malic and citric acids in-
creased the concentration of light REE in the natural REE
hyperaccumulator D. dichotoma by 21-78%, as compared
to the control (Shan et al., 2003).

Translocation factor (TF) is a parameter indicating the
efficiency of a plant in transferring metals from roots to
shoots. In order for a plant to be classified as most use-
ful in phytomining techniques, the ratio of metal content
in shoots to roots should be greater than 1. If TF is lower
than 1, metal accumulation is predominant at the root level
(Takarina, Pin, 2017).

In general, the effect of chelates on REE accumula-
tion was plant-specific. D. erythrosora that accumulated
more REE then other species, also differently responded
to the chelates tested. Both in case of substrate 1 and 2. So
independently on the level of soluble REE in a substrate,
10 Mm CA stimulated REE accumulation most efficiently
for this plant. This can be treated as a positive result due
to lower potential toxicity of CA than that represented by
EDTA or EGTA. In study Ibrahim (2023) examines how
citric acid affects the phytoextraction capabilities of pump-
kin (Cucurbita pepo L.) in soils contaminated with heavy
metals. The application of citric acid significantly enhanc-
es plant growth, biomass, and the uptake of heavy metals,
suggesting its potential as an effective agent in phytoreme-
diation strategies.

The differences between plant species in TF values
were greater than the differences between the chelates
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used. Our TF data indicate that translocation from under-
ground to aboveground parts for D. erythrosora exceeded
the other species in this respect. The highest differences
between D. erythrosora in terms of TF index values can be
seen for substrate 1.

TF factor higher than 1 was obtained in the experiment
only for two plant species: D. erythrosora and A. millefo-
lium growing in substrate 2. The highest TF was obtained
for D. erythrosora using 10 mM CA. It was proven that
the REE concentration in soils and wastes depends on the
parent substrate material. In order to determine the transfer
of REE from the substrate to plants, the bioaccumulation
factor (BAF) was calculated. In this experiment, no BCF >
1 was observed.

Different effects of chelates on REE bioconcentration
index were observed for the plant species, which confirms
differences in physiology of REE uptake and transport be-
tween those diverse plants. D. erythrosora responded with
increased BCF for all elements to addition of 10 mM doses
of CA, EDTA and EGTA. This indicates the potential for
further enhancement of REE bioaccumulation by the fern
through optimisation of chelate dosing and application
strategy.

CONCLUSIONS

The results of the study showed that the addition of
chelates can contribute to increased REE accumulation
in plant tissues but to small extent. In addition, the use of
plants in phytoremediation techniques is one of the limi-
tations, because the uptake and accumulation of REE by
plants depends on, among others, environmental factors
or the plant species and its morphology. Therefore, it is
necessary to search for suitable plants that will be able to
accumulate REE in their above-ground parts and chelating
compounds and their appropriate doses in order to enhance
the bioaccumulation process.

From a practical point of view, D. erythrosora can be
considered the most suitable species for use in chelate-as-
sisted REE phytoextraction, despite the lowest total bio-
mass than other plants tested. However, the significantly
higher REE content in the aboveground parts and the high-
est REE translocation to the aboveground parts, expressed
by the TF index, suggest that further process optimization
should include this plant.

The fern positively responded to chelate addition with
increased biomass. This observation combined with the
recorded translocation factor above 1, characteristic for
intensive transfer of REE from roots to shoots, indicates
a potential for the REE bioaccumulation enhancement, as
compared to that observed in our study. It seems that there
is room for enhancing effectiveness of the entire process
through optimisation of ash substrate chemical composition
and optimal combination of chelates, substrates and plant
species. We can assume that the assisted bioaccumulation
process would be more efficient in case of ashes richer in

REE. It seems that further research shall focus on tailor-
made combinations of chelates and ash substrate composi-
tions (for example additions of organic or pH affecting ma-
terials to ashes) for specific characteristics of pre-selected
ashes. Since various REE respond to chelates differently,
further optimisation can be achieved by selecting optimal
chelates and their doses depending on the chemical compo-
sition of the ash. TF of fern in many cases increased after
chelate addition, therefore it can be assumed that certain
modification of the substrate, for example lowering pH, in
order to create better growth conditions and greater REE
phytoavailability, would greatly enhance the REE amounts
transferred from the growing media to plant tissues.
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Instytut Uprawy Nawozenia i Gleboznawstwa —
Panstwowy Instytut Badawczy w Putawach

ul. Czartoryskich 8,

24-100 Putawy

Oswiadczenie autora rozprawy doktorskiej

Swiadom odpowiedzialnosci prawnej oswiadczam, ze rozprawa doktorska
przygotowana przeze mnie nie zawiera tresci uzyskanych w sposéb niezgodny z
obowigzujacymi przepisami. O$wiadczam réwniez, ze przedstawiona rozprawa nie byla
wezesnie] przedmiotem procedur zwigzanych z uzyskaniem stopnia naukowego w wyzszej

uczelni lub innej uprawnionej instytucji naukowe;.

Oswiadczam ponadto, Ze niniejsza wersja rozprawy jest identyczna z zalaczong wersja

elektroniczna.

(podpis autora pracy)
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Panstwowy Instytut Badawczy w Pulawach

ul. Czartoryskich 8,

24-100 Pulawy

Oswiadczenie promotora rozprawy doktorskiej

Oswiadczam, Ze niniejsza praca doktorska zostala przygotowana pod moim kierunkiem
1 stwierdzam, ze spelnia ona warunki do przedstawienia jej w postepowaniu o nadanie stopnia

naukowego doktora nauk rolniczych.

(podpis promotora pracy)
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