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Titre: Assemblages végétaux pour phytomanager des sols contaminés en métaux (Cu
HW =Q 3E &G UKLJRILOWUHU GH OYHDX FRQWDPLQpPH HQ &X H
Bioéconomie

Résumé:

Le phytomanagement de matrices contaminées en métaux couple leur réhabilitation écologique avec la
produFWLRQ GH ELRPDVVHV YpJpWDOHV SRXU OD ELRpFRQRPLH
DVVHPEODJHV YpJpWDX[ HW GYRSWLPLVHU OHXU SURGXFWLRQ
phytomanagementdieux VROV OTXQ FRQWDPLQp dtdp, &eté t&sHRxdohditionsl Q & G
FRQWU{OpHV /YfHPSORL FRQMRLQW GH ELRFKDU HW GH JUHQDLO
SRWV VXU DQV FHWWH FRPELQDLVRQ GTDPHQGHPHQWYV VpTXF
sol contaminéen® HW S UR G XLW AduQdd domaiR ReDaeROpUIG figrel.. non contaminée,
XWLOLVDEOH SDU OH VHFWHXU GH OfpQHUJLH &HV PRGDOLWpPV
un suivi a long terme sur le site contaminé en Cu. Parallélemanicmtosmes, parmi 4 macrophytes

utilisées en zone humide construite (CW) pour décontaminer des matrices aqueusesicedonax

L., Cyperus eragrostikam., Iris pseudacorud.. et Phalaris arundinaced..), A. donaxest la mieux

adaptée pur fournir des racines a forte concentration en Cu utilisables paatuire unécocatalyseur

richeenCu /H SK\WRPDQDJHPHQW GTXQ HITOXHQW GH A8Xa&x® OLH ERL
été testé en CW pilote. Il est décontaminé en 48h, sa concentration espEctant la réglementation

GX UHMHW GYfHIIOXHQW HQ UpVHDX G DVVDLQLVVHPHQW &HSHQG
HQ &X GHV AUMRIX@A3 ¥ 180mg Cuky HVW LQIpULHXUH BEXdlyEdHiatRLQV GH
cycle serait a géter pour atteindre les 1000 mg Cutkequis.

Mots clés:Biochar, bioéconomie, biomasse, canne de Provence, écocatalyse, macrophytes,
métal, oxydes de fer, peuplier, phytomanagement, phytotechologies, racine, rhizofiltration,
stabilisation in situyltrastructure, zone humide construite.
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Title: Plant assemblages to phytoman age metal (Cu and Zn/Pb/Cd) -contaminated soils,
rhizofiltrate Cu -contaminated water, and deliver usable biomass for the Bioeconomy

Abstract:

The phytomanagement of metabntaminated matrices (soils and water) combines their ecological
remediation and #production of notiood crops for the bioeconom®ne science frontier is to identify

plant assemblage and to optimize their biomass production, aided or not by amendment addition and
cultural practices. A Ggontaminated soil and a Cd/PbfZantaminatedne were phytomanaged in
controlled conditions. The combination of biochar and iron grit reduced the phytotoxicity in both sails.
In a 2year pot experiment, this amendment combination decreased the phytotoxicity of-the Cu
contaminated soil, enhanced IBikequestration and produced an uncontaminated biomassrafo

donaxL. andPopulus nigraL. adapted for bioenergy production. These combinations of culture and
amendment are tested in field trial at thec@ataminated site. In parallel, in microcosnpesiment,

out of 4 macrophytes commonly used in constructed wetlands (CW) to clean up aqueous matrices (i.e.
Arundo donax.., Cyperus eragrostisam.,Iris pseudacorug. andPhalaris arundinaced..), A. donax

was the best adapted to produce a highi€luroot mat potentially usable as ©uaocatalyst. Clean up

of a Bordeaux mixture effluent (BME, 69 uM Cu) By donaxwas tested in a pileicale CW. The

BME was decontaminated in 48 hours, its Cu concentration being in compliance for indirect discharge
of chemical industry effluents. However, after one BME circulation cycle, root Cu concentrafion of
donaxroots (623 + 140 mg K was lower than threshold value for-€oocatalysts (1000 mg ¥pand

successive treatments must be repeated to achieveag@uirconcentration.

Keywords:Biochar, bioeconomy, biomass, constructed wetland, ecocatalysis, Giant reed, in
situ stabilization, iron oxides, macrophytes, metal, phytomanagement, phytotechologies,
poplar, rhizofiltration, root, ultrastructure

INRA / Université de bordeaux
BIOGECQUMR 1202t Equipe
Diversité et Fonctionnement des Communautés

Bat B2, Allée Geoffroy SaiHilaire, CS50023, 33615 PESSAC c&dance
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Synthese des travaux en Francgais

En 2016, en France, 6405 sites industriels étaient considérés comme pollués (12% étant traités et libres
GH WRXWHV UHVWULFWLRQV DO RIU2016)XDELpuY ep WD ded@es/' sont HQ
reconnus comme contaminés pardksnents tracg&T, en sciences du vivaniétaux et nomeétaux,

essentiels ou non aux fonctions biologiques, et dont les concentrations fréquentes dans les organismes

Q M H [ F graHX@Wmgkg™ masseseéche, MS, Adriano et al., 200kJyanures, autres cOmposés

minéraux, etc., et/ou des xénobiotiques organiques, e.g. hydrocarbures aromatiques polycycliques
(HAP) ou aliphatiques, polychlorobiphényles (PCB), solvants halogénés, produits phaiinasent
phytosanitaires, produits cosmétiques, gtck D X "dtvi@santhropogéniques présertagpassées.

En paralléle, des utilisations novatrices et diversifiées des biomasses végétales, se développent pour
remplacer des énergies fossiles par aesgies renouvelables ou bien fournir des matiéres premiéres a

la bioéconomie (i.e. bifuels, bioplastiques, éamatériaux). Dans un contexte de population mondiale

HQ FRQVWDQWH DXJPHQWDWLRQ OH FKDQJHPHQWreGdd D TXWLOL
biomasse a usage rddOLPHQWDLUH QTHVW SDV XQH RSWLRQ pFRQRPLTX
face aux conflits potentiels. Une partie du besoin en terres cultivables pourrait étre satisfaite par la
production de biomasse sur des sites mar§ihaHW FRQWDPLQpYV /IXWLOLVDWLRQ GF
la production de biomasses valorisabldawarisé le développement des techniques de remédiation de
solscontaminésDans le contexte du développement durable, le concept de phytomanagement couple

la réhabilitation écologique de matrices contaminées par des options de remédiations douces (GRO,
utilisant les plantes (phytp les champignons (myepoou les méthodes basées sur la microbiologie avec

ou sans amendements (minéraux, organiques ou cter)igour réduire le transfert des contaminants

YHUV OHV UpFHSWHXUV ELRORJLTXHVY DYHF OD SURGXFWLRQ
financier (Cundy et al., 2013). Les fronts de sciences concernent les assemblages végétaux au regard
des filierHY GYXWLOLVDWLRQ ELRPDVVH SURGXLWH FRPSRVLWLRQ
associés, les fonctions écologiques rétablies et les services écosytémiques associés, les cycles de vie,
HWF $XVVL FHWWH WKqVH D Bsaicts SIKdd sHntie T) Xafin/de\WwobhtRQelGH FR Q G
DX GpYHORSSHPHQW GH QRXYHOOHV PpWKRGHV HW RaftRSWLRQV
2) et eau Partie 3) contaminées par les métal(loid)es avec pour finalité la production de biomasses a

forte valeur ajoutée utilisables par les procédés de {aédmnomie.

&HWWH SUREOpPPDWLTXH HVW OTXQ GHV WKgPHV SULQFLSDX[ Gp
des sols et évaluation environnementale de la gestion des déghggsce de I'Environneent et de la

Maitrise de I'Energie), les projets européens GREENLAND {FRBBE-266124, Options de
remédiation douce pour des sols contaminés en éléments traces, http://www.gneesjéoteu/,

20102014), Intense (Eraet facce surplus), PhytoSUDOE (IldldJHJ 68'2( HW OY$IJHQFH 1DW



la Recherche [PHYTOCHEM ANR3-CDII-000501], http://www.axelera.org/, 2012017) qui ont

soutenu ce projet.

PeurRQ SURGXLUH XQH ELRPDVVH FDSDEOH GILQWpPpJHU OHV FK
OfLP SODQW dnd/deRitytamm@magviddnt sur matrices contaminées en metaloi@es

/IMXQH GHV SULQFLSDOHV FRQWDPLQDWLRQV DX[TXHOOHV IDLW 1]
OH ORQJ WHUPH GH IRQJLFLGHV j EDVH GH &X DI R &bISEXp |j OF
(e.g. vignobles, vergers, site de préservation du bois), avec des concentrations pouvant excéder les
YDOHXUV GH UplpUHQFHV GX IRQGV SpGRJpRFKLPLTXH /D PLJUD
aussi contribué a la contamination éaX GHV HDX[ GH VXUIDFH GDQV OfTHVWXI
superposant aux contaminations industrielles historiques telles que les rejets dans le bassin versant, e.g.

Riou mort a Decazeville).

Organisation des travaux et des résultats

Nos travaux portent U OD PLVH HQ RHXYUH GYRSWLRQV GH SK\WRPD
environnementales contamingaincipalement en Cu et é€bd, Pb et Zn. La production de biomasse

valorisable sur ces matrices contaminées a été orientée selon 2 axes majeurs:

(1) La produdbn de biomasses végétales aux concentrations fréquentes en ET pouvant intégrer les
filieres de valorisation de la biomasse (i.e. biofuels, bioplastiquesnatiriaux) Partie 2), et (2) la

production de biomasse végétale avec des concentrations élevge$7 HVVHQWLHOV QLYHDX
inhabituel, nouvelles espéces chimiques associées, effet de synergie) pour la nouvelle voie de
YDORULYVDW-tdRapse@GErtiOFpFMHY SUREOpPDWLTXHYVY SULQFLSDOHV V
OfDGpTXDWLRQp GHWDKOWHSOQ FHHW PLFURRUJDQLVPHY DVVRFLpV HW
UHPpGLDWLRQ GH PDWULFHV FRQWDPLQpPHYV OD VpOHFWLRC
rendement, résilience, etc.) au besoin de lapPRQRPLH HW @9 cogrialgsdnidEs\WouR Q GH |
des options de phytomanagement a échelle locale, par exemple pour résoudre des probléemes de
FRQWDPLQDWLRQ DX[TXHOV IDLW IDFH OD UpJLRQ GY$TXLWDLQH

/ID SUHPLgUH SDUWLH FRUUHVSRQG | OTLOQWURGXFWLURQ JpQpl

phytomanagement des sols et eaux contamiPesi¢ 1).

Partie 2: Parmi les amendements a disposition pour la remediation de sols contaminés, les biochars sont
des résidus carbonisés, riches en carbone, produit par la pyrolyse de biomasseautendgbévée et

VRXV IDLEOH WHQHXU HQ R[\JgQH /TLQWpUrwW SRUWp DX[ ELRFKD
OHV FRPPXQDXWpV SROLWLTXHV HW VFLHQWLILTXHY 'H FHV p

8



séquestration du carbone dans les sgidcoles, par ajout de biochars, permettrait de compenser
OfDXJPHQWDWLRQ ®D@WX HIOIDH RV FKqUH HW GH UpVRXGUH SDL
UpFKDXIIHPHQW FOLPDWLTXH 'H SOXV OHV ELRFKDUV RQW SRX
GHV VROV HW OfYLPPRELOLVDWLRQ GHV (7 HW GH FHUWDLQV [pQ
,OV SHXYHQW rWUH XWLOLVpYVY HQ WDQW TXTDPHQGHPHQW SRXU
pour «stabiliser in sitw la contamination desols tout en produisant une biomasse avec une
concentration en ET dans la gamme de valeurs fréquentes apparait comme une GRO. En Aquitaine, la
SODWHIRUPH GH SK\WRUHPpGLDWLRQ GH 6W OpGDUG GY(\UDQV I
en Cusuitej OTXWLOLVDWLRQ VXU OH ORQJ WHUPH GH VHOV FRQWHQ
et le subséquent lessivage du bois traités. Plusieurs GRO ont été testées sur ce site (e.g. stabilisation in
situ avec compost, laitiers sidérurgiques, dolomie HBPSRVW FRPSRVW HW JUHQDLOO
et Mench, 2008; Lagomarsino et &011; Kolbas et 312011) qui ont contribué a stabiliser efficacement

la contamination au Cu, et a diminuer sa biodisponibilité environnementale. Cependant, pour étre en
SKDVH DYHF OD GpFLVL& @s&Rdstiathdh duxcerbGng Daad R$IQISY une étude a été
UpDOLVpH VXU OYfHIIHW GH OIDMRXW GH ELRFKDUV VXU FH VLWH

Chapitre 1: Cette expérienceenpose j pYDOXHU OfWHU®H| FRPRUWeb®Bdthal TDMRXW
LVVX GH ELRPDVVH GTRULJLQH DQLPDOH RX YpJpWDOH L H ILH
FRPSRVW HW GH JUHQDLOOH GIDFLHU XWLOLVpPV VHXOV RX HQ |
est: quelles sont les conséquenceX dPDWpULDX GTRULJLQH VXUn Gdest ILFDFLW
normalisé effectué avec des haricd®ddseolus vulgarig.) utilisé en tant que bioindicateur a permis

GfpYDOXHU OHV HIIHWYV GHV DPHQGHPHQWYV VXU @RoSHenW RWRI[LF
GHV SUpFDXWLRQV VRQW QpFHVVDLUHY DYDQW GTXWLOLVHU GX I
pPWDQW XQ FDV GfpWXGH VHORQ VRQ SURFpGp GH IDEULFDWLRQ
matieére organique dissoute (DOM), immant le lessivage du Cu hors de la zone racinaire et faroris

SRWHQWLHOOHPHQW VD PLJUDWLRQ GDQV OfHQYLURQQHPHQW
SHUPHW FHSHQGDQW GH MXJXOHU FHW HIIHW /{DRERESEHEPHQW Ot
FRSHDX[ GfpFRUFH GH SLQ HQ FRPELQDLVRQ DYHF GH OD JUHQTI

diminuer significativement le Cu libre et total dans la solution du sol et la concentration en Cu dans les

parties aériennes des plantes, dedait conduit & une moindre phytotoxicité du &#tte étude a été
publiée (Science of the Total Environment, 3667. pp 146 HW V {bhiQ&ddeVBfX OH 3
biochars, compost and iron grit, alone and in combination, on copper solubilitytartdtpxicity in a

Cu-contaminated soil from a wood preservation Site

La stabilisation in situ de sols mowontaminésd.g.contaminé en Cu) avec du biochar est parfois plus
simple que pour les sols petpntaminés (e.g. contamination en Cd, Pb et Zn). Yuar XH OfHIIHW C
chaulage du biochar, ou des réactidasurfaceavecsa matrice carbonée, pertesit O fLPPRELOLVDWL

9



de certains cations divalents maisyent IDYRULVHU OD Pémerdde\y. fAsis DanX ivé) H V
seconde étude, nous avons vesfiles amendements réduisant la phytotoxicité du sol contaminé en Cu
SHUPHWWDLHQW DXVVL O-ontahPe &lCd Wh&Zn.GTXQ VRO SRO\

Chapitre 22 LD VHFRQGH H[SpULHQFH HhY DSIRAVH WD HKHBERXW GHikW T MR XV
dérivé deFRSD X[ GTpFRVHNGHWIHY FRPELQDLVRQ DYHF GX FRPSRVYV
SRXU VWDELOLVHU OD FROQWDPLQDWLURDMRXWGCEBELRWKHQY GPUQ Y
GIpFRUFH GH SLQ HQ FRPELQ D leNaRa) dbnintieF [e6 ¢dbnCebtrationd EnCd, PO H G D
HW =Q GDQV OD VROXWLRQ GX VRO HW OHV SDUWLHYV DpULHQQ'
valeurs fréquentes dans les parties aériennes des ha@eotsavaila été publiée Environmental

Scierce and Pollution ResearcB4. pp 74687481, 2017, VR XV O WoddLd&rivddbicchar

combined with compost or iron grit for in situ stabilization of Cd, Pb and Zn in a contaminatéd soil
Cependant, dans ces 2 c&hédpitre 1 et2 FHWWH FRPPHIIDANROB/IQID SDV ID)

production de biomasse des haricots.

Ces études ont été réalisées sur le court terme (une période de réaction de 3 mois suivis par 2 semaines
de bicessai), or au fil du temps, il est nécessaire de considérer les changeotentiels de
phytotoxicité des sols amendés en biockaf HVW SRXUTXRL XQH WURLVLgQPH H[SpUL

Chapitre : LfpWXGH D HXpSROYHXWPBWHQ WHUPH DOV OfHIIHW GH
ou en combinaison avec de laHIO DL O OH GIDFLHU VXU OD SK\W.R&BJlsFLWp GX
DVVRFLpVY DX[ RSWLRQV GH SK\WRPDQDJHPHQW XWLOLVDQW OD .
sont relativement élevés. De fait, la culture de biomasse végétale a croissalecetraglorisable a un
cooW DWWUDFWLI HVW QpFHVVDLUH DILQ GYfDVVXUHU XQ UHWRXU
de remédiation. Lepeupliers(Populus nigal.) et lacanne de Provend@rundo donax..) sont 2

cultures pouvant étre utilisé pour stabiliser la contamination tout en fournissant une biomasse
valorisable par la bioéconomie. Elles peuvent étre utilisées dans les secteurs suivants: (1) le secteur de
OfpQHUJLH OD SURGXFWLRQ GH ELRFK Ddn de moledDleE (lates. H EL RV
formes) chimiques (dont celles a haute valeur ajoutée), (4) dgwrduaits dérivés de biomasse
OLIQRFHOOXORVLTXH OHV pFRPDWpPULDX[ HW OfLQGXVWU

pour but ddester la capadtdes 2 espéces a produire un fort rendement de biomasse sur sol contaminé

au Cu Les résultats montrent la difficulté de stabiliser la contamination au Cu sur le long terme en
utilisant un biochar (mais pour mémoire cela dépentyple de biochautilisé). Les amendements et

les réactions avec les composants des sols évoluent au fil du temps, et certaines interactions biotiques et
DELRWLTXHV SHXYHQW UHPRELOLVHU OHV FRQWDPLQDQWYV VRUE
VDQV JUHQDLOOHQGIBHLIOYWHWSgFH Y pJpW DO HonBoa@kventédad /D FX

concentration d®OM dans la solution du sol, réduisant sa concentration &h rftais élevanten
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paralléle la concentration totale en @a. culture deP. nigra accroit la concentratioen Ci#* de la

solution du sol. Contrairement au peuplier, la canne de Provence favoriserait le lessivage de Cu total en
GHKRUVY GH OD JRQH UDFLQDLUH /YfDMRXW GH JUHQDLOOH GIDF
FRQWDPLQp HQ &X ntatignRi€3 \dbbcenttafjdnxXehPdd total et Cu libre pour les 2 espéces
FXOWLYpHY HQ FRPSDUDLVRQ DYHF OfY{DMRXW GH ELRFKDU VHXC
&X GDQV OHV SDUWLHYV DpULHQQHY GHV SHXS odieHésWalelwg GHV FL
I[UpTXHQWHY HQ &X GDQV OHVY SDUWLHY DpULHQQHY GH SODQWH'
biomasses racinaires et aériennes pour les 2 esggedsavaila été publiée (Science of the Total
Environment, 579. pp 62627, 2017 HW V  Lahgerkv uSstdbilization and biomass yields of

Giant reed and poplar after adding a biochar, alone or with iron grit, into a contaminated soil from a

wood preservation site

La fiabilité des études en pot pour prédire la croissanieepatrformance des plantes sur le terrain est

souvent imprécise. En effet, leur environnement differe fréquemment des conditions sur le terrain,
VRXYHQW j FDXVH GH OfHIIHW GH ERUG HW GHV FRQGLWLRQV FC
experiPHQWDWLRQV HQ SRW LO HVW UHFRPPDQGp GH WHVWHU OH)
parcelles, sur le terrain. Cette étape permettra de détecter les défaillances potentielles de ces options
dues aux changements sur le long terme, tels que Iéisgeihent des phases ajoutées au sol, la
YDULDELOLWp FOLPDWLTXH LQWHUDQQXHOOH OHV DWWDTXHV ¢
remise en solution de matiéres organiques solubles, les changements dans les communautés animales et
végétaes (Kidd et al., 2015).

Informations additionnelles. Suite a ces études, des parcelles amendées en biochar, seul ou en
combinaison avec du compost, ont été établies directement sur le site de traitement du bois. Elles
serviront a évaluer la production dbte de biomasse de peuplier et de cannes de Provence ainsi que le
F\FOH GH YLH GI1XQH WHOOH RSWLRQ GH SK\WRPDQDJHPHQW

&H WUDYDLO PRQWUH TXH OD FRPELQDLVRQ GH ELRFKDU DYHF OL
comme amendement pour la sligation in situ du sol contaminé en Cu, sur un site de préservation du

bois Chapitre 1 et3 DLQVL TXH FHOOH Géokt@mividkéd ol JRblLeF PnGaHbraRiRmie@\
GIXQH XVLQH PpWDChepKrg L TR V3E JH® V H P E O H sPéitiésiddrpiés HQF HV
des plantes ont une concentration en Cu, Cd, Pb ou Zn correspondant a la gamme de valeurs fréquentes
GDQV OHV SDUWLHV DpULHQQHV &HSHQGDQW GDQV FHV SUHP
pWp FDSDEOH G 9 DuktibR HeQbirhiadseQsEgéthld RrGcomparaison au setraitdh Une

fertilisation complémentaire est sans doute a évaluer. Les résultats de ces 3 études proviennent
GTH[SPULHQFHVY HQ SRW ,0V RQW pWp XWLOHV &tRXibsply DOXHU

Cependant, ils ne nous permettent pas encore de répondre a la question suizastabiksation in
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VLWX SDU OTDMR ¢ uadodidnRdataimdeUpour prydire des biomasses aux valeurs
fréquentes tout en remédiant la contaation dans les sols

'XUDQW OfpWp OY$TXLWDLQH D IDLW IDFH j XQH VgQFKHUHVVH
expériences de terrain. Cette expérience de stabilisation in sipastelle doit étre poursuivie en
irriguant réguliecreltH QW SRXU SHUPHWWUH O 1L @founatione &ddtiomelle§ HY MHXQ

Pare3 /H VHFRQG SUREOqPH UHODWLI j OTXWLOLVDWLRQ GH SH
SURGXFWLRQ HQ TXDQWLWp LPSRUW D (B)\WJénds% Htors Oes Haement& H ER X
des vignobles (i.e. 200000 Lar  ODLOOH ID GLIIXVLRQ GH UpVLGXV GL
DXWRULVpH SDU PO BWWGHOBXUDO FRQWULEXH j OTDXJPHQWDWL
sols. Cependant SRXU pYLWHU FHW pSDQGDJH QRQ QpizbfirisftDat H OTXQ
effluent en zones humides construites (C®8s CW sont des systemes écotechnologiques de traitement
GIHIITOXHQWY GDQV OHVTXHOV OH GHdesy/pantép dodddiate§ Habitdd . QHV T
nombreuses communautés microbiennes, vient former un filtre naturel. Dans ce systeme, la
«rhizofiltration» des effluents contaminés en ET pourrait produire une biomasse racinaire a forte
concentration en métaux ou RAMp WD X[ SRXYDQW HQ JpQpUDO LQWpJUHU OD )
FDWDO\VADWpGER/H VH EDVH VXU OfXWLOLVDWLRQ GTHVSqgFHV Pj
nouvelles espéces chimiques associées, effet de synergie) provenant de pl@hte fIREWHQLU Gt
réactions chimiques organiques pour la synthése de molécules a forte valeur ajoutée (e.g. les industries
pharmaceutiques, cosmétiques, et agrochimiques) (Clavé et al., 2016). Ce nouveau champ de recherche
FRQGXLW | OfgnlsEuEshtbasd ¢geFdR provenant de biomasse végétale a concentration élevée

HQ &X L H «106PSRXU DWWHLQGUH OHV SU ptatlfsEury/Dendud D SURG
tel systeme, les racines (et parties aériennes de fagon moindre) des macroptyttss grourraient
DWWHLQGUH OD FRQFHQWUDWLRQ H@algsEurd HTXLVH SRXU OD SURC

Chapitre 4 : La premiére étude visaitévaluer la capacité de 4 macrophytes. Arundo donax..,

Cyperus eragrostisam., Iris pseudacoruk., et Phalaris aundinaceal..) couramment utilisés en CW
aproduire un tapis racinaire riche en.@es 4 macrophytes ont été évalués sur un gradient en Cu (i.e.
solution nutritive contaminée au Cu: 0.08, 2, 10, 20 et 40 uMGDBQ.5H,0) dans des conditions

contrélées B batch pendant 2 mois. Parmi les macrophytes testées, seulgmeentacorustA. donax

RQW SURGXLW XQ WDSLV UDFLQDLUH S-BlMy$€dilLed @alitdPehQW XW L
UHVSHFWLYHPHQW DWWHLQW sipxe¥ #pdditjon a 40HIW Culris ga3dudiadordéJ]

a aussi produit une biomasse aérienne importante aux concentrations en Cu dans la gamme basse des
valeurs fréquentes. Cette biomasse peut intégrer une voie de valorisation ordinaire telle que le secteur
GH OfpQD@VLEBD JDPPH G %40[SVROU, W lcéhCentration de Cu dans [esties
DpULH®B.Q@bhex@MpWDLW SDV VXIILVDQWH SR X-thtyReQrsX \M0OD@mMgy DW LR Q
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Cu kg! MS) tout en étant adessus des valeurs fréquentes en Cu @€.7%5 mg Cu kd). Si elle ne

peut pas intégrer les voies de valorisation ordinaire, cette biomasse pourrait étre compostée et utilisée

en tant que fertilisant pour les sols ayant une déficience en Cu (cas des podzols des Landes). La pyrolyse

G 1 X Q Hiom&bse @44 ulke autre option. Dans cette étude, nous avons utilisé dplpnings (dgées

de 7 mois) avec une faible biomasse pouvant favoriser les fortes concentrations en Cu dans les parties
aériennes. Selon Brisson et Chazarenc (2009), utiliseplanée mature est primordial pour évaluer
FRUUHFWHPHQW OH EpQplLFH GH WUDLWHPHQW GIXQH HVSqgFH Y|
en Cu mesurées dans nos plantes agées de 7 mois sont probablement surestimées en comparaison a celles
de plantes matures& H WUDYDLO HVW SUpVHQWp PRl oOonthcFoipte todsUH  HW
for producing Cuecocatalysts

Chapitre 5: Suite a ces résultats, nous avons créé UREWORWH SRXU FRQMRLQWHPHQW
faciliter le manageent de la biomasse produite dans le systeme. Nous avons séleatidonéxplutot

guel. pseudacorugour étre planté dansle CWLORWH DILQ GH PD[LPLVHU OTDFFXPX
racines. En effetA. donaxprésentait des concentrations en Cu sepées a celle de pseudacorus

pour une méme exposition au cuivre. Comparées a nos jeunes plantules, les plantes matures de notre
CW ont une biomasse plus importante. Une plus faible concentration en Cu a la fois damsds®ta

les parties aérienneievraitdécoulerde la dilution du Cu dans cette biomasse. Nous avons fait le pari

TXH OHV FRQFHQWUDWLR Q VAl 8®6ax &gk b PE\Wndistomber&ditdaSOayenwhel V G |
des concentrations en Cu fréquentes et permettraient a cette biddn§ds®@ WpJUHU OHV YRLHV GF
FRPPXQHV HJ 6HFWHXU GH OfpQHUJLH ELRpWKDQRO ELRIXHO
biochar; Bieproduits : matériaux de constructions et composés a base de fibre végétale). Le CW
consistait en 6 utés (800L chacune), 3 unités étant plantées AvdonaxAd) et 3 autres unités restant

VDQV SODQWH &WUO /1(% DYDLW XQH FRQFHQWUDWLRQ GH
pYDOXp O D AFdnBazeiR byllrpp@i® dans le Cyilote a UKL]JRILOWUHU OH &X GH C
IRXUQLU XQH ELRPDVVH UDFL QDL U-dataisé; ktH3)Haurns XineX Momaske/ D EO H
DpULHQQH QRQ FRQWDPLQpH /H WUDLWHPHQW GX &X GDQV OfHI
GIXYLeMP GDQV OTXQLWp SODQW p Hldihtéde) maisdds QovicedtfiaXiaps v CuQ R Q
GDQV O71(% RQW DWWHLQW OH VHXLO GH UHMHW GfHIIOXHQWYV H
1), aprés 48 heures pour les uniégbet 21 jours pKU OHV XQLWpV &WUO 'XUDQW OHV
la biomasse aérienne et racinaire a augmenté respectivement de 200 g et 700 g par unités dg CW. AT

les concentrations en chlorophylles et caroténoides ont significativement diminué, de méme que les
concentrations foliaires en Fe, indiquant que la synthése de chlorophylles et caroténoide a été affectée
SDU OYH[FgV GH &X &RPPH QRXV OYDWWHQGLRQV OHV SDUWLH
concentrations en Cu dans la gamme des valeurs frtepudes parties aériennes (8 mg Cti R§V).

Néanmoins, la concentration en Cu dans les racines a seulement atteint 6223 (ng. Cu kg DW)

GHVY YDOHXUV UHTXLVHV SRXU XQH XWLOLVDWLRQ HQ pFRFDWDO
13



pou potentiellement atteindre au moib800 mg Cu kg DW dans les racines. Ce travaibtéaccepté
avecrévision mineureglans(FRORJLFD O (QJL Q HRZofftchtibnVef & Bdrd@ bt iixxuce H
effluent in pilotscale constructed wetland using Adandonax L. coupled with potential &gocatalyst

production”

Méme si nos CW pouvaient (1) produire une biomasse racinaire avec des concentrations en Cu >1000

mg Cu kgt DW, (2) produire une biomasse aérienne avec de faibles concentrations pouvantlegégre
YRLHY GH YDORULVDWLRQ IUpTXHQWH HKWLVHrwQ H XDBD EBDH \G
H[SORLWDWLRQV YLWLFROHYVY HVW ORLQ G fcHWdyst gnie@d dakéH GH Q
les années 2000; le management, le transpiot conversion des biomass&QW EHVRLQ GrW
GpYHORSSpV 'X SRLQW GH Y XH -fidte molirrh yéhéidR Q@ béndfic@svhonFH & :
négligeables pour préserver des fonctions écologigues du sol et des services écosystémiques (éviter
ODXIRRQWDW&E&X WRWDO GDQV OHV VROV HW GX OHVVLYDJH GX «

maintenant aucun systéme ne permettait de traiter facilement un tel effluent contaminé au Cu
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Preamble

In 2016, 6405 industrial sites were referenced in Frascpolluted (12% being remediated and free of
restricted uses), compared with 4318 sites in 2012 (Basol, 2016). More and more sites are considered
as contaminated bytrace element (TEessential and neassential metal(loid)s with common
concentrationsn plant shoots below 100 mg ®giry weight, DW, Adriano et al 20013yanides, etc.,

and/or organic compounds, e.g. polycyclic aromatic hydrocarbons (PAHSs) or polychlorinated biphenyl
(PCB), etc. because of past and present anthropogenic activities. In parallel, innovative ari@dliversi
uses of plant biomass for industrial processings related to sustainable development are emerging. Plant
biomass is considered as a suitable renewable energy source to replace fossil fuels or to provide raw
materials and biomaterials for industrial pesses (i.e. bieconomy: biofuels, bioplastics, eco
materials).Faced with the chalhge of a constant growing worldwide populatiarable lanelse
changefor the production of nofiood biomasss not an option economically and politically viable.

Some dthis land requirement could be met by biomass production on margthabataminated sites

The valorization of marginal land creates paradigm shifts in remediation techniques as it reduces the
cost associated with phytomanagement ogtitmthe conteof sustainable development, this concept

pairs the ecological rehabilitation of contaminated matrices by Gentle Remediation Options (GRO,
using plant (phytg, fungal (myce) or microbiologicallybased methods, with or without chemical
additives, for redcing contaminant transfer to local receptors by in situ stabilisation or extraction of
contaminantgs with the production of valuable biomass resulting in a financial return (Cundy et al.,
2013). Therefore this PhD aimedaatguiring newknowledge Part 1), and developing novel methods

for implementing phytomanagement options on metal(loadjtaminated matrices, both sdigit 2)

and water Rart 3), with a special focus on the production of valuable biomass usable-@tdiomy

processes.

This issue isone of the core theme "Soil pollution impact, environmental assessment of waste
management" developed by ADEME (French Agency for Environment and Energy Management), the
European project GREENLAND (FRYBBE-266124, Gentle remediation options for Trace elein
contaminated soils, http://www.greenlapmject.eu/, 2012014) and the French National Research
Agency [PHYTOCHEM ANR13-CDII-0005-01], http://www.axelera.org/, 2012017) funders of this
project., in relation with the INTENSE and PhytoSUDOE Europgeajects.

Can we produce a biomass able to integrate local biomass processing chains, through the

implementation of phytomanagement options on metal(loidtontaminated matrices?

In Aquitaine, France, one of the major contamination issue that we facecgn@mination. Long

lasting application of Gibased fungicide contributes to locally increase total soil Cu (e.g. vineyards,
15



orchards, wood preservation site) above the guideline values in topsoils while diffuse migration of Cu
and soil erosion result @sn Cu contamination of surface waters in the Gironde estuary. Thus, this
PhD addressed mainly the implementation of phytomanagement options on Cu contaminated
environmental matrices. The production of valuable biomass on contaminated matrix was drientate

along two major axes:

(1) The production of plant biomass with metal(loid) concentrations within common ranges able to
integrate local processing chains for biomass recovery (i.e. biofuels, bioplasticsatecials) Part

2), and (2) the production gflant biomass with high essential metal(loid) concentrations (unusual
oxidation levels, new associated chemical species, effects of synergy) for the neatdiygsis
processing chaing?@rt 3). The main issues are (1) to assess the adequacy of plamisspedior soil
amendments for remediating contaminated matrices, (2) to select relevant species tailored to the needs
of bio-economy, and (3) to integrate this knowledge in phytomanagement options locally to solve real

scale issue encountered in the Aguagaregion.

Part 1: This first part is the general introduction of this manuscript. It is a literature review of the
phytomanagement of contaminated soils and water.

Part 2: Biochars are carberich carbonized residues produced by waste biomass pyralydés high
temperatures and mid to low oxygen. Recently, sparked interest in biochar started with discussion of
politician together with scientists which arrived with the idea that boosting soil carbon sequestration in
agricultural soils by adding biochtr offset annual increases in atmospheric @@y partly solve the

climate change issue. In addition, biochar as amendment for in situ stabilization option has gained
attention due to its numerous ability for soil quality improvement but also for itsiafmaimmobilize

7( 8VLQJ ELRFKDU WR 3LQ VLWX VWDELOL]JH" VRLO FRQWDPLQDW
concentrations within the common ranges is a potential GRO. More specifically, in Aquitaine, the
SSK\WRUHPHGLDWLRQ GODGNGRIYRJDRIVEMWN DpZRRG SUHVHUYDWLRQ
due to long time use of Gloased salts and washings of treated wood. Several GRO have been already
tested at this site (e.qg. in situ stabilization with compost, #xnawitz slag, dolomitic lim&tone with

compost, compost with iron grit, e¢c Bes and Mench, 2008; Lagomarsino et2011; Kolbas et 3l

2011) and efficiently stabilized and decreased the Cu bioavailability. However, to fit in the political
decision of increasing carbon sequesgiratwve also assessed the effect of adding biochar, compost and

iron grit, alone and in combination, in this Cu contaminated soil, in a short term (3 months) pot

experiment.

Chapter 1: A biotest realized with dwarf bearBHaseolus vulgarik.) used as lpindicator allowed to
evaluate the effect dh situ stabilization option on soil phytotoxicity and to discuss the relevance of

such soil amendments. This work was published in Science of the Total Envirof@a®efic7. pp
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146453, 2016)D Q G H QINfiuewve® ¢l Biocéhars, compost and iron grit, alone and in combination,
on copper solubility and phytotoxicity in a €ontaminated soil from a wood preservation Site

Chapter 2: For confirming the efficacy of soil amendments to stabilize a-pohtaminatedsoil, a
second study aimed at assessing the combined effect of amending a Pb, Zrcanth@ihated soll
with biochar and either compost or iron grit, again in a gkar (3 months) pot experimeiiis work

was published in Environmental Science antufion Researck24. pp 74687481,2017)and entitled
AVood deriveebiochar combined with compost or iron grit for in situ stabilization of Cd, Pb and Zn in

a contaminated soil

Chapter 3: Both studies allowed to set up a third pot experiment whichdit) at evaluating the mid
term effect (2 years) of amending tBa-contaminated soil with biochar, alone or in combination with
iron grit, on soil phytotoxicityand(2) the feasibility of growingpoplarsandGiant reed¢Arundo donax
L.) as relevant sgriesfor biomass production in such in situ stabiligadcontaminated soil. This work
was published iscience of the Total Environme@79. pp 620627, 2017)D Q G H QongiiamrOd 3
stabilization and biomass yields of Giant reed and popfter adding a biochar, alone or with iron

grit, into a contaminated soffom a wood preservation site

Additional information: Based on these studies and on a literature review, field plots with biochar,
alone or in combination with compost, have been implendesitea Cecontaminated soil at a wood

preservation site and are currently investgadfter being planted withoplars and Giant reeds.

Part 3: In Aquitaine, France, a second issue related tdo&3ed salts is the significant amounts of
Bordeaux mixtureeffluent (BME) generated by the treatments of vineyards. Spreading of residual
diluted BME on the field, authorized by the Article L. 263f the rural Code, contributes to locally

increase total soil Cu. However, to avoid such unnecessary spreading W& LRQ LV WR 3UKL]RI
this effluent in constructed wetlands (CW). These CW are ecotechnological wastewater treatment
systems where aquatic vegetation forms filters by their dense interwoven roots and rhizomes. In such
VA\VWHP WKH 3U Krhdt&(Idid) surtamivated Effluéht may produce a root biomass with high
metal(loid) concentrations which generally cannot integrate regular recovering processing chains but
may be adapted to the intigmtion field of Ececatalysis Ecocatalysis is basedn the use of metal

species originating from plants to fine organic chemical reactions for the synthesis of molecules with

high added value (e.g. pharmaceuticals, cosmetics, and agrochemicals).

Chapter 4: The first study consisted in a batch experimeéntmpnths) and aimed at evaluating the
capacity of 4 macrophytes (i.Arundo donaxX.., Cyperus eragrostisam., Iris pseudacorus.., and
Phalaris arundinaced..) frequently used in CWs to produce -Gch root and rhizome matémong

the 4 macrophyte#. donaxproduced a shoot biomass with Cu concentration within the low common

Cu range and root biomass with high Cu concentratimeeding 100thg Cu kg' DW when exposed
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to 10-40 uM Cu, which makes this plant species a relevant candidate for the needoaft&gsis. This
ZRUN LV SUHVHQWHG LQ W K RotErid 8f\W\attdphyte @as foV priddpavidy BuO H G
ecocatalysts

Chapter 5: Out of these results we set a pisoiale CW planted witA. donaxwhich aimed at assessing
the ability ofthis plantto jointly (1) rhizofiltrate Cu from the Bordeaux mixture effluent and (2) provide
a Curich root mat for ecocatalysighis work was accepted with minor revisioin Ecological
HQJLQHHULQJ BRBhz@iltretiorinof. svEdtdé&aulR mixture efflueimt pilot-scale constructed

wetland using Arundo donax L. coupled with potentiale€Cacatalyst productioh
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Part. 1. Introduction

1. Trace element contamination in the environment

Anthropogenic activitiese.g. metal(loid) mining and smelting, uses of fertilizers, waste and sewage
sludge management, pesticides, wastewater irrigation, coal and fuel combustion residues, car traffic,
and atmospheric depositions from industrial and urban activities, are sofioteenic contamination

by trace elements (TEessential and neessential metal(loid)s with common concentrations in plant
shoots below 100 mg Kbdry weight, DW, Adriano et al., 2009nd organic contaminants, e.g.
polychlorinated biphenyls (PCBs) and polycyclic aromatic hydrocarbons (PAHs) (Wuana and
Okieimen, 2011)Kig. 1). The number of sites referenced as polluted is increasing in Frand@(5

in 2016 vs 4318 in 2012; Basol, 2016). Among trace elements, Cd, Cr, Cu, Fe, Hg, Mn, Mo, Ni, Pb,
and Zn are common in terrestrial ecosystems (EC, 2013). The legacies of long term industrial, urban
and agricultural activities may result in soil centrations exceeding the pedogeochemical background
values (Baize, 1997; Villanneau et al., 2008; INDIQUASOL, 20D&je to the ubiquitous nature and
nonbiodegradability of TE, they accumulate in soils and in turn, polluted soils may become sources of
diffuse contamination, through erosiomnoff, leaching and percolationo®e TE may migrate to
aquatic ecosystems and contaminate surface and ground water (Salpeteur and Angel, 2010).
Contaminants may damage several soil functions, generate exposure pahdagpllutant linkages,

enter via plants in the food chain, affect the biological receptors and become a serious threat for the
environment (fauna and flora) and sometimes the human health (Maldeveanu, 2014).

In this review, attention will be paid on (T and (2) Cd/Pb/Zitontamination which are both mainlly
studied in this PhD thesis.

1.1. Historical Cu contamination in Aquitaine

In France, Cu concentration in topsoils varies from 3 mg Cudg0.2 mg Cu kg (Baize, 1997El

Hadri al., 2012fig. 1). Several anthropogenic activities, e.g. organic wastes used as soil amendment
(manure, pig slurries, and sewage sludgesh&zed fungicides and wood preservatives, and emissions
from metallurgical industry, can result in €ontaminated soil§/illanneau et al., 2008; Cestonaro do
Amaral et al., 2014; Basias, 2015; Huang et al., 208ye specifically, since the Y&entury, in
Aquitaine, Cubased salts are profusalged in vineyards, orchards, some cash crops (e.g. tomato,
potato tubers) and woguteservation as pesticid@scontrol insects and fungi (Karjalainen et al., 2009).
AmongCu-based salt8ordeaux mixture (BM, Ca(OH) CuSQ) is widely used in vineyards, but the
range of Ctbased compoundauthorized in France is large€u oxychloride cupric oxides or
hydroxide and Cu tallateMackie et al., 201R Longlasting applicatiorof Cu-based salts and wood
washingdrequentlycontribute to locally increase total soil Cu (i.e. > 1000 mg Cuekgpve the inquiry
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threshold values in topsoilRNQS: 40.2 mg Cu k§ DW; El Hadri al., 2012) Moreover, diffuse
migration and soil erosion result in Cu contamination of surface waters in the Gironde estuary (i.e. 0.2
1.3 pg LY IFREMER, 2014) above the upper critical threshold value defined by tmehFi&/ater
Agency for freshwater quality (0.1 pg*LCu; SEQ EAU, 2003). This may threat flora and fauna
biodiversity, e.g. abundance and species composiforarthworms,marine organisms such as
mollusca arthropoda (Baker et al., 2014), bactéuagi (Lagomarsino et al., 2011; Qiu et al., 2013;
Mackie et al., 2015Taylor and Walker, 2016), and algae communities (Rocha et al., 20d#jhibit

activity of hydrocarbordegrading microorganisms thingpairing C and N cycles (Mackie et al., 2015)
Over 35mg Cu kg soil, the soil may be exposed to an anthropogenic contamination, and an
investigation is highly recommended (Baize, 1997; Saby et al., 2011). To illustrate the soil Cu
contamination in Aquitaine, we investigated the case studywafaal preservidon siteat StMédard
GT(\UDQV Clddn@rkihted (i.65-2600 mg Cu kg) due to long term use of chased salts

such as CuS£and chromated copper arsenate (CCA) combined with washings of treated wood (Mench
and Bes, 20090n top of that, fillig and rinsing the tanks of crop sprayers contaifindpased salts
generate significant amounté Cu-contaminated effluentBased on the 150.000 ha of Aquitaine
vineyards, the total volume of Bordeaux mixture effluents (BME) is estimated at 2.500.0G0llE,(

2004). Spreading of these diluted BME on the French fields, authorized by the Article-1.02%3e

rural Code, contributes to locally increase total soil Cu. To avoid such unnecessary spreading, the
management of such BME needs to be studied.

Fig. 1. Topsoil Cu concentration in France (mg¥gadapted from GIS sol, 2009)
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1.2. Poly -contamination with Cd, Pb and Zn: the Arnoldstein
case study

It is rare to find a site contaminated by only one element (i.e. roontaminated)usually soils ee
poly-contaminated. The cross contamination of Cd, Pb and Zn is quite common in contaminated soils.
Some cases studies in France are ecosystems nearby MetalEurope, Mortagne du Nord, Bazoche, etc.
(Villanneau et al., 2008; Mench et al., 2009; Nsanganwingral., 2016); other sites in EU are listed

in Kidd et al, (2015) It results from mining, emissions from metallurgical industry, traffic and waste
deposit at dumpsite (Bert et al., 2012; Janssen et al., 2015; Johnson et al., 2016; Fatemitalab et al.,
2016). Remediating a polyontaminated soil is more complex than a moantaminated soil, as
elements interact with their environment in different way. Remediation options for contaminated site
must be tailored to various type of cross contamination. Asmse study, contamination in the
Arnoldstein areaCarinthia, Austridnas been studied, notably in the EU Greenland project (Kidd et al.,
2015). Several hundred yeaw$ smelting and processing of mining oreave caused widespread
pollution offield areassurrounding the industrial site of Arnoldsté#sami, 1988). The Pb smelting
VWDUWHG LQ I R O O Brdt@adingrotiuctibn of zifie, cBdmium, and germanium.

The Arnoldstein smelter closed in 1992 but the surrounding soils used dsingdaplaygrounds),
horticulture, forestry, and alpine grassland agriculture with pastures and feed production are now
contaminated by Pf.e. 1300mg Pb kd}), Cd(i.e.9 mg Cd kg') and Zn(i.e. 1110mg Zn kg*) and, to

a lesser extent, Cu and As (Ktiet al., 2006; Friesl et al., 2009). This contamination resulted in: high

Pb and Cd concentrations in arthropods species sampled near the smelter (Rabitsch, 1995), high Pb
concentration in blood and teeth of inhabitants living nearby the smelter (Kaskir&993), high
metal(loid) concentrations (mg Rpjin Zea mayd.. shoots, i.e. Pb 54, Zn 286, and Cd 2.73 (Friesl| et

al., 2006), leading to orders restricting agricultural and horticultural land utilization by the Austrian

Federal Environmental Agené¢i{asperowski, 1993; Rabitsch, 1995).

1.3 . Bioavailability in the Cu - and Cd/Pb/Zn - contaminated soils

Metal(loid) excess in a contaminated site generates different exposure pathways for a biological
receptor, directly through dermal contact, breathingating contaminated soil particles and drinking
contaminated water. Indirect exposure pathways may come from metal(loid) uptake by plants growing
on contaminated land, through foliar and/or root exposures, and contaminants transfer through the food

chain.

Caution for readersBecause this part was not the core theme of this PhD thesis, it was voluntarily kept

short, to avoid making the manuscript more cumbersome but updated review references are|included

all along to inform readers about the undetailedspart
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Fig. 2. Bioavailability of metal(loid)s (adapted from Bravin et al., 2008)

1.3.1 . Environmental availability

It is recognized that pollutant linkages related to metal(loid) uptake by roots do not dependent only on
total soil contaminants. Severalopesses obscure the relationship between soil total metal(loid)
concentrations and its availability in the soil (Smolders et al., 2009). Environmental availability is the
pool of contaminant in the environmethiat can potentially be taken up by the organ(Fig. 2)
(Harmsen2007). This fraction of total metal(loid) concentration depends on the chemical speciation of
the metal(loid) and the soil physiohemical and biological properties. They govern the partition
(mobility) of the metal(loid) between ths®il or sediment solid addjuid phasgCarrillo @onzalezet

al., 2008. In the soil, metal(loid) forms are: (1) inert as atomminerals, (2sorbed in organic matter,

clay or colloids (3) precipitated or guwecipitated with oxyhydroxides, phosphates and carbonates, (4)
free ions and (5) complexeditbdissolved in the soil solutiorFig. 3) (Violante et al., 2010)The
environmental availability ofmetal(loid)sdepends on their location into the soil fractions and

sorption strength to various inorganic and organic soil compounds (Maiz et al., 2000).
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Fig. 3. Metal(loid)s speciation in the soil. MMetal (adapted from Braviet al., 2008)

Three main mechanisms control metal(loid) environmental availability: specific adsorption (e.g.
complexation reaction with hydroxyl groups and organic functionalgs at the soil surface),
nonspecific adsorption (e.g. electrostatic with soil charges) and precipitation or (co)preciphigtion (

4) (Manceau et al., 2002).

Factors which influence metal(loid) mobility in the soil are : its total soil concentratiomu{ating
both anthropogenic and geochemical sources), phgsiemical soil properties (e.g. pH, redox
potential, temperature, and water holding capacity), soil compounds (e.g. organic matter (OM),
dissolved OM (DOM), clay and oxyhydroxide content) andrttierobial activity (Baize et al., 1997;
Carrillo @onzalezet al., 2008 The effects of these parameters on TE mobility are described in
Violante et al. (2010). Stable forms in the residual fraction are unlikely to be rapidly released in the
soil soluti, while the soluble fractions, exchangeable and chelated species are more mobile and
therefore more available for root uptake. Therefore, a contaminated site may display high total
metal(loid) concentrations in the soil but with a low environmental aybilaresulting in minimal
exposure and impact for the biological receptors (Smolders et al., 2012; Marchand et al., 2015). Copper
in moderately and highly organic contaminated soils is present in less mobile and bioavailable forms,
whereas in mineral dei the labile fraction is often higher (Mench and Bes, 20D$¢. studied wood
preservationV LWH DW 6W 0 piSdhasaates®d by n@vourable soil properties, e.g. lack of
structurewith low OM content, low nutrient availability and acidic gH this soil, Cu excess enhanced
the Cu concentration in the labile pool of the soil @evironmental availabilityjMench and Bes,
2009; Bes et al., 2010; Hattab et al., 2014; Thaler and Humar). Z&the Arnoldstein site, high total
soil Cd and Zrassociated with acidic soil pH resulted in a relatively high environmavabbility for
bothmetals(Friesl et al., 2006 However, at pH 8Pb may form hydroxide and oxide precipitates, e.g.
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Phs(OH).?*, PsO(OH)*" and PbO, controlling soil Pb solliby and leading to low environmental Pb
availability (Hale et al., 2012). Moreover the rhizosphere including the root system and its associated
microorganisms interacts with its environment, resulting in changes in ptofscaical soil properties

(i.e. exsorption of H/HCOs to control soil pH, root exudates, etc.) (Kidd et al., 2009). All these
parameters influence the chemical speciation and forms of metal(loid)s in the soil, facilitating or
preventing metal(loid) sorption by roots and creating ariflaenced zon€Fig. 2).

Specific adsorption:
Covalent bonds

Nonspecific adsorption :

Van der Waals bonds O O Surface precipitation
Outer -sphere complexes (M) O or coprecipitation
Specific adsorption: O
Inner -sphere complexes O
O Insertion into the crystal
lattice

Fig. 4. Interactions of metal(loid)s at tkelid-liquid interface (adapted from Manceau et 2002) M:
metal(loid)

1.3.2 . Environmental bioavailability

Toxicity of a contaminant for a biological receptor will depend on itsrenmental bioavailability

which is in the case of root exposure to TE, the metal(loid) flux through the root surface of a plant for
a defined exposure duration. Metal(loid)s are absorbed by plant roots as free ions or chemical species
in soluble forms disolved in the soil solution. As essential metal ions, Zn and Cu have specific
transporters to enter into the root cell (crossing the plasma membZameis taken up by roots under

the formZn?* by a group of transporters belonging to the &nd Feregulated transporter protein ZIP

family (Fig. 5 and 6 )(Zinc/lIron-Regulated Transporter Like Protei@upta et al., 2016)Copper is

taken up by roots under the form*Cy the COPT1 to COPTand ZIPtransportergFig. 5, 6 and 7)
(Yamasaki et al., 2009; Rarrubia et al., 2010; Zhang et al., 2015; Bashir et al., 2016). Asssamtial

metal ions, Cd and Pb have ngpecific transport mechanisms to cross the plasma membrane. Both
metals enter root cellsnder the fornrCd?* and PB* by using uptake mechanisnfior essential cations

(e.g. Fé*, zr?*, Cui* and Ca&") exposing a low substrate specificity (Clemens, 2001 and 2006).
Transport mechanisms of Cu and Cd, Pb and Zn to cross the plasma membrane are described in
Marchand (2012) and Janssen (2015), respegtiv
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Fig. 5. Intercellular metal transport in dicots (Palmer and Guerinot, 2009). Fe, Zn and Cu at
up into the symplast by transporters in the epidermis. Reduction of Fe and possibly Cu by FF
acidification of the soil by Arabidopsis H+ ABBes (AHA) contribute to increased metal upte
Metals can then travel through the symplastic space to the vasculature, by passing the waxy (
strip on the endodermis. Transport into the xylem is still not fully characterized but is thot
involve members of the Heavy Metal ATPases (HMA) family and the citrate effluxer FRD3.
xylem, metals are carried to the shoot through the transpiration stream where they are unloz¢
the shoot, most likely by a member of the YSL family. YSLs trarteps may also translocate met
to the phloem, where they can then be delivered to the seed. The dark brown boxes repr
Casparian strip.

Fig. 6 Intercellular metal transport in monocots (Palmer and Guerinot, 2009). Fe and Zn ar
up asphytosiderophore chelates by Yellow Strpke (YSL) transporters in the epidermis. Fe ¢
also be taken up by OsIRT1. Metals move through the symplastic space to the vasculature, b
the waxy Casparian strip on the endodermis. The citrate effRRBL1 is important for loading o
citrate into the xylem and subsequent Fe transport into the xylem in €igatéorm. Fe is
transported to the shoot through the transpiration stream. The dark brown boxes repre
Casparian strip.
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Once uptake byhe roots, metal(loid)s are redistributed through more or less spiatfgportergo
maintain homeostasis and adequate physiological functions of the g, (6, 7) and the celHg.
8) (Palmer and Guerino2009). The transport of Cu and Cd, &ud Zn into the plant will not be

discussed here, but is reviewed in Page and Feller (2015). For Cu, its affinity for the root apoplast results

in preferential Cu accumulation in roots (Marschner, 1995). The ratio of total Cu concentrations

between rootand shoot vary wildly ranging from 2.5 to 166 depending on the level of plant exposure

to Cu (Santibafiez et al., 2008).

/ Xylem Phloem

Cu?*-complexes Qu2*-complexds
o o
O
Cu?s

B o
ord |
$

H+/cuz+
antiporters

ROS | CSD1 cu ©
H+

© 21P2/4?

@ Cu*

Cu?* and
other divalent
cations

Root elongation
vs PCD

Fig. 7. Overview of the Cdransport system occurring at the root tip of dicots (Printz et al., 2!
Copper is taken up in the r@oin its reduced form Cuby COPT proteins, highly selective €
transporters. Alternative, but still controversial, Cu uptake system may ksetemtive ZIP protein:
whereas Ctie «ux is mediated by HCU?* antiporters. In the cytosol, free Qnducese generatior
of ROS thereby opening neselective cationic channels (NSCC) allowing the entry of @ad

inducing root growth. Cu may further modulate root growth through interaction with awir

carrier pinformed 1 (PIN1) and with the multicopperidases LPR1/2 (low phosphate respol
multicopper oxidase). In case excessive Cu enters the roots, the massive generation of ROS
also the e<ux of K" through NSCC, causing activation of Programmed Cell Death (PCD). RO
be quenched by the adti of cytosolic Cu/Zn superoxide dismutase (CSD1) which acquire:
from Cuchaperones to Cu/Zn superoxide dismutase (CCS). To prevent ROS generatits.
usually chelated by intracellular metallothioneins (MT) or specific chaperones (ATXazpot

to extracellular compartments in mediated by HMADS proteins (i.e. Oryza sativa heavy metal /
5/Arabidopsis thaliana heavy metal ATPase 5). In the phloem and in the xylem, Cu in transp
Cu(ll)-complexes or Cu(iMT complexes.
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Fig. 8. Summay of subcellular metal transport Arabidopsis thalliangBashir et al., 2016). Proteins
participating in Fe, Mn, Cu, or Zn transport into or out of different cellular organelles are shown. NA,
nicotianamine; GSSG con., glutathione conjugates.

1.3.3 . Toxicological availability

To limit Cu, Cd, Pb and Zn phytotoxicity, plants can manage a cascade of physiological processes to
maintain the cellular homeostasis by (1) controlling metal(loid) uptaksti(@ulating the activity of
enzymes involved, directlpr not, in ROS removale.g. superoxide dismutases (SOD), garacol
peroxidases (POD) and catalase (CAT), and the production of antioxidants (Glutathione (GSH) and
ascorbic acid (AsA)), and (3) producing metallochaperones for metal detoxification or Vaydoals

for metal(loid) binding, e.g. nicotianamine, phytochelatins and metallothior€igs7( 9) (Andres

Colas et al., 201@;eitenmaier and Kiupper, 2013; Han et al., 2016). In additioftp@wantplants have
efficient rootcellular mechanisms to ekede Cu from the shoots (i.e. improved efflux Cu pumping at

the plasma membrane, Cu compartmentation in the root vacuole, Yruela, ZB@9process of

metal(loid) mechanisms of plants tolerance is well described in Singh (@0416).

The activation othese physiological processes is used in ecotoxicology for setting lower and upper
critical threshold values, based on biomarkers, for environmental availability and metal(loid)
concentrations in plant parts (Jouili et al., 2011). In most cases, chartgeq1) activity of ascorbate
peroxidase (APX), CAT, SOD and glutathione peroxidase (GPX) or (2) contents of their metabolites,
may serve as biomarkers for metal(loid) exposure since their activity presenteffdoseclationship

with increasing metdbid) exposure (Mocquot et al., 1996; Thounaojam et al., 2014). Enzymes are
highly sensitive to oxidative stress in plants (Cuypers et al., 2000). As the network of defense

mechanisms is complex and various biomarkers behave differently, the determioiatiotal
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antioxidant status of plant parts may give an indication of their tolerance vs. metal exposure (Ghorbanli
etal., 2011).

Over the upper critical threshold values, metal(loid)s in excess will induce firstly reversible, and
thereafter irreversibletoxic effects in the plant as the exposure increased. The accumulation of a
metal(loid) in plants before it induces toxic effect will depend on its toxicological availalbiigy2).

In contrast to Cd and Pb, Zn and Cu are essential micronutrientsirfigr organisms. Copper is a
transition metal and exists under two redox forms @ Cé*) due to its faculty to exchange electrons
from its d orbital (Palmer and Guerinot, 2009). It acts as cofactor for a variety of enzymes such as
superoxide dismutas cytochrome c, oxidase and plastocyanin in many physiological processes of
plants, e.g. photosynthesis, mitochondrial respiration, oxidative stress responses, and transduction of
ethylene signal, because it is able to exist in multiple oxidation statasi(Printz et al., 2016; Aguirre

and Pilon, 2016). Zinc is involved in (1) cell division in higher organisms, (2) growth and reproduction,
(3) functionality of a variety of enzymes, (4) the stabilization of DNA and gene expression, and (5) the
immune gstem (Lin et al., 2012; Gupta et al., 20 ywever, Cu and Zn excesmy induce symptoms

of toxicity at exposure higher than the cellular Cu / Zn homeostasi8 {i22 mg kg' mg Cu kg' DW

and10- 150 mg kg mg Zn kg* DW) (TremetSchaub and Feix2005.

En - o e Gly aly
e ol " { Lo
Nucleus o+ YECS 3 y-Glu-Cys 9,5;-) GSH ——> GsH-&F

Antioxidantgene ¢ Cys AP ADPH ATP ADPH
;. expression P i

Anuoxcdan
enzymes
activity !\‘\

% 9 —S0D 5 24,0, —<AT_5 24,0+ 20,

Lipid peroxyradicals Y"“"“‘”“‘”‘ 7 AsA 7 GSH
Lipid hyd ides 'QT::::M MDHA -~ GSSG:J"’

Chloroplast

Fig. 9. Metal(loid)s induceebxidative stress, tolerance, and detoxification mechanisms in the plant cell
(Singh et al., 2016). AsA, ascorbic acid; CAT, catalase; Cys, cystdiBES, Jglutamylcysteine
synthetase; Glu, glutamine; Gly, glycir@R, glutathione reductase; GS, glutathione synthetase; GSH,
glutathione (reduced); GSSG, oxidized glutathione;O4 hydrogen peroxide; MDHA,
monodehydroascorbate,®xygen molecule; @, superoxide radicals; ROS, reactive oxygen species;
SOD, superoxiddismutase; A, metal(loid).
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1.3.4 . Copper, Cd, Pb and Zn phytotoxicity

Excess of Cu, Cd, Pb and Zn can cause damages to plants at various organization levels. At the cellular
level, Cu, Cd, Pb and Zn toxicity may result from: (1) DNA damages induced ruingi the
nucleophilic centres in nucleic acids, (2) inactivation of enzyme activities and disturbed protein
structure (e.g. chlorophyll biosynthesis) due to metal(loid) binding with sulfhy@®d)(and carboxyl
groups in proteinssCOOH), (3) induction bmacronutrient (Ca, Mg, P and K) and micronutrient (Mn,

Fe, etc.) deficiencieslue tononspecific ion uptake, (4) impaired cell transport processes due to
metal(loid) substitutions in metallochaperones, and (5) oxidative dantéges() (Arora et al., @02;
Sharma and Dubey, 200%jor a detailed review of mechanismsnoeétal(loid) toxicity in plants see
KlUpper and Andresen (2016%opper, excess inducaxidative damages by inducing, directly or
indirectly, Reactive Oxygen Species (ROS) such as superozidicals (@), hydroxyl radicals (HC

and hydrogen peroxidél-0.) formation through Fenton and Hab&feiss Reaction. Cadmium, Pb and

Zn only induce oxidative stress indirectly, as>C&r?* and PB* are redoxinert metals, not able to
induce ROS pradttion through a Fentelike reaction (Smeets et a22005). Oxidative stress (increase
ROS concentrations in cells) is indirectly induced by (1) reducing the pool of antioxidant GSH, (2)
disruption of the electron transport chain or (3) activatingl@aadent systems affecting Fe mediated
processes Noctor et al.,, 2014).These free radicals may cause severe damage to cells, e.g.
polyunsaturated lipid peroxidation, changes in DNA, proteins and small molecules, damages in the
photosynthetic apparatus deieg the photosynthesis efficiency and biomass production (Hego et al.,
2016).Cuypers et al.(2016) haveaeviewed the relationships between metals and oxidative stress in
plants At the plant level, Cu, Cd, Pb and Zn excess are harmful to most plainidugjng very broad

range of toxic effects such as chlorosis, necrosis and leaf epinasty, inhibition of germination, decrease
in plant growth, and in root and shoot yields (Clem@081; Kuepper et al., 2009). The effect of Cu
excess on growth and physigly of important food crops are reviewed in Adrees e{2015).
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Fig. 10. Mechanisms (including interactions) of metal(loid) toxicity in plamt@gper and Andresen,
2016) The different sizes of the elemental symbols refer to a more or less proth@ifecd of that
metal.

1. 4. Remediation options of contaminated matrices

Soil and wetland pollution was identified by the European Commission as a major threat to European
environment [COM (2002) 0176 final]. In France, since 1977, a legislation onRa@@ @ XWLRQ 3UHJXOL
RI ULVN SUHYHQWLRQ DQG S UdRlyelirdstiR ©nt&rprises thoH Ce¥satibR@ P HQ W
activities, to secure (art. 3411) and rehabilitate (art. 32 Ill) their contaminated sitesuticle 341,

law N°77-1133 of 21/09/197)7this law was reinforced by the circular of 08/02/2007, edited by the

Ministry of Ecology, Sustainable Development and Enerdyttp(//www.developpement
durable.gouv.fr/Circulairelu-8-fevrier-2007,19383.html These contaminated soils can be managed

by multiple rehabilitation techniqueBepending on the selected option, the fate of the contamination
will be different, (1) remove from the matrix, (2) stabilize in the matrix and (3) degraded (only for
organic contaminants). There are 11 types of techniques recommended for remediatingnatetam
soils: (1) in situ chemical oxidation, (2) biodegradation, (3}itvimobilization (4) bioleaching, (5)
thermal desorption, (6) phytoextraction, (7) phytostabilisation, (8) phgsiemical stabilization, (9)
washing by chemicals and surfactants,) ([{8ysical or physice@hemicalsorting, and11) extraction
XQGHU UHGXFHG SUHVVXUH DQG PXOWLSKDVH H[WUDFWLRQ $cC
SROOXWHG VRLO JXLGHOLQHV IRU WKH VHOHFWLRQ RI WHFKC
SK\WRWHFKQRORJLHY DSSOLHG WR FRQWDPLQDWHG ODQG" $'(0
in English). The selection of a rehabilitation technique rather than another will be based on several
criteria: (1) the physicehemical nature of the contaminés)tand the soil, (2) concentration, depth and
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age of the contamination, (3) size, location and maneuverability of the site to treat, (4) climate, (5) site
management e.g. need in fertilization and irrigation, (6) cost estimation and stakeholder engagement
(Mulligan et al., 2001; Cundy et al., 2013, Kidd et al., 2015).

For large scale, diffuse contaminations, it is often relevant to use gentle remediation options (GRO),
notably based on phytotechnologies (e.g. phytoextraction, phytostabilisation, andraiadien)

UDWKHU WKDQ FRQYHQWLRQDO pKDUGY WHFKQLTXHV" LQ VLW)
Conventional techniques are generally costly and harmful for the environment because they either
remove the contaminated topsoil from the sitecloange its properties substantially affecting the
composition, biodiversity and ecological functions of the goilr(dy et al., 2015 Moreover, the soil
decontamination or the alleviation of pollutant linkages at a site must not be the only purpose of a
remediation technique. Remediation options have to be sustainable (CL.AIRE, 2011). Current
LOWHUQDWLRQDO GHEDWH LQ 3VXVWDLQDEOH™ UHPHGLDWLRQ L
maximized and how environmental, economic and social negativeqosmsces can be avoided or

limited. In broad terms concepts of sustainable remediation are based on the achievement of net benefits
overall across a range of environmental, economic and social concerns that are judged to be
representative of sustainabilig€undy et al., 2013). The land end use of the site is now a necessity to

meet societal and economic expectation impdsethe UE policy Since Robinson et a(2009), the

paradigm of remediation of contaminated matrices has evolved into a more corapmebencept 'the
phytomanagementPhytomanagement methods encompass the remediation and the valorization of

contaminated matrices.

2. Phytomanagement of contaminated matrices

Phytomanagemenises ecological engineering methods (including ecologicakpses and functions
related to gentle remediation options) to rehabilitate potential ecosystem services of contaminated
matrices including the production of usable biomass for the productien@ivable energy or provide
feedstockfor the circular bioecasmy. Bioeconomy is defined by thEuropean Union (EUas the
sustainable production and conversion of biomass for food, health, energy, and industrial products.
Plant biomass is a term for all organic plant materials (McKendry, 2002). It is considrrséaiable
source to produce renewable energy, replace fossil fuels and praligdeeadded bioproduct$or
industrial process (i.e. biofuels, bioplastics,-etaterials, etc.). Above all, the interest for energy crops
increased particularly due to its patial use as a carbareutral, clean and eddendly source of
renewable energyPandey et al., 2016)The development of renewable energy and reduction of
greenhouse gas (GHG) emissions are now established priorities Blitpolicy. In 2009, the EU &
established a directive toeduce global warming byimiting GHG emissions(EU Directive
2009/28/EC). It intended to increase (1) the productiorméwable energy sourcasd (2)the biofuel
proportion in the road transportation sector by at least itOB&ch member State by 2020 (Gomes,
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2012). In the context of energetic and environmental crises, the development of alternative energy
sources state the limited space of arable land and higtligbonflict over the use of land and resources
(Grandjean2007).Using arable land for nefood crops is not an option economically and politically
viable in the context of aapidly increasing population (Rowe et al., 2009). Instead, a sustainable
practice could be to use crops to remediate metal(loid) corasedirsoils or treat wastewater in
constructed wetlands (CW) without claiming further arable land [COM (2006) 34 final Official Journal

C 67 4aarch 18, 2006]. The biomass produced by phytomanagement on marginal lands can be
economically valorized and cortttite to important environmental-b@nefit by achieving economic,

social and environmental sustainability (Witters et al., 20BA2cording to Jiang et al. (2015),
combining land remediation with pgstocess biomass to energy conversion or high valuproiducts

is an option to enhance the financial viability of gentle remediation options.

Gentle Remediation Options use plant (pRytfungal (myce) or microbiologicallybased methods,

with or without chemical additives, for reducing contaminant trartsfdocal receptors by in situ
stabilization or extraction of contaminants (Cundy et al., 2015). These technologies are designed to
stimulate the ecological functions, reduce pollutant linkages related to contamination of soils or aqueous
matrices (e.g. irmobilization, mobilization or degradation of contaminants) and propose a path towards
rehabilitated ecosystems (Vangronsveld et al., 2009; Mench et al., 2010). Moreover, they may allow
the remediation of a range of ecological functions and ecosystemesgrwhich improve: water
quality, habitat for microbial and animal communities, C sequestration, biogeochemical cycles of
elements and organic matter, primary biomass production, etc. (Bardos et al., 2011; Gomes, 2012;
AnderssorSkdld, 2014). Among GRO, twmain processes can be distinguished, remediation through:
(1) stabilization of contaminant(s) in the soil, and (2) extraction of contaminant(s) from the soil or

agueous matrix (rhizofiltration).

2.1 . Stabilization of contaminant by Gentle Remediation Op tions

Out of gentle options for stabilizing contaminants in sailsjtu stabilization of contaminantshrough

mineral and organic soil amendmeatms at(1) improving soil biophysical and chemical properties

(e.g. organic matter and nutrient conteragy (2)immobilizing metal(loid)s in the solid phase through
various reactions, i.e. sorption, precipitation, complexation, ion exchange and redox process, thereby
decreasing their mobility and environmental bioavailability (Kumpiene et al., 2008). &wsed plant

cover may be implemented in addition to the in situ stabilization option. These plants do no influence
the metal(loid) labile pools but prevent the dispersal of polluted dusts through wind and water erosion

from formerly bare and sparsely vegted sites; this technic is callptytoexclusion

Phytostabilisation decreases the environmental availability and bioavailability of pollutants in the

contaminated matrix by using plants and their associated microorganisms. The selected plants must (1)
44



accumulate contaminants in their roots (and rhizomes) without a significaribrsiodot transfer
(excluder phenotype), (2) help to either sorb, precipitate or complex the contaminant(s) in the
rhizosphere through the rhizodeposition and by facilitatingreanrganism action, (3) decrease the
metal(loid) leaching through an increase of evapotranspiration and (4) limit wind erosion, water runoft,
migration to the deeper soil layers by the installation of a dense vegetation cover (Vangronsveld et al.,
2009; Mench et al., 2010)The combination ophytostabilisation and in situ stabilization is named
aided-phytostabilization. In this case, plants, associated microorganisms and amendments stabilize
the soil contaminants (Kidd et al., 2015).

Whatever the form ofhe stabilization option, the goal is to (1) limit pollutant linkages, (2) decrease
contaminant exposure inducing potential detrimental effects on living organisms, and (3) restore the
cascade of biological processes and functions which in turn pronoogstem services (Mench et al.,
2010; Bolan et al., 2014; Kidd et al., 2015). Moreover, the plants cultivated in such sojisavialg

an uncontaminateldiomass usable for the productiorrefhewable energy or provideedstocKor the

circular bioeconom

2.1.1. Amendment for stabilization of contaminants

The amendment selection generally depends on soil pH and metal(loid)s contamination, nutrient and
OM contents, and sorbing phases such as Fe, Mn and Al hydr(oxides) and clays in the soil (Kumpiene
et d., 2008). The most effective amendments (or their derived compounds after reaction in the soil)
must (1) either have or create a large surface reactive area, (2) have fast but long lasting action, (3) be
low cost and commercially available, (4) easy te without negative effect on the soil and plants, (5)

be safe for workers, and (6) in compliance with legislation (Bolan et al., 2014). Amendments used to
stabilize metal(loidcontaminated soil include : liming agents including basic slags, phosphdbés, Fe
(oxy)hydroxides, clay and organic materials, natural and synthetic zeolites, cyclonic and fly ashes, red

muds, and iron grit (Ruttens et,&006).

2.1. 2. Inorganic amendments

Several inorganic soil amendments such as clays, liming materials, pleosphatals and FeMn-,

Al oxides were reported as effective for immobilizing Cd, Cu, Pb and Zn (Kumpiene et al., 2008).

Inputs of phosphate compoundgHsPQ;, triple calcium phosphate, hydroxyapatite, and phosphate
rocks) influence Cd, Cu, Pb and Zn ihet soils through various processes: (1) their direct
adsorption/substitution by phosphate compounds, (2) P-#mioiced adsorption, (3) precipitation with
phosphates in solution (Bolan et al., 2014). Immobilization of Cd, Pb and Zn by phosphate compounds
were reported as efficient (Castaldi et al., 2005; Gray et al., 2006). In a field study, apatite (phosphates)
efficiently stabilized and decreased the bioavailability of Pb, Zn, Cu and Cd in thed¢tn@minated
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soils of Arnoldstein (Tica et al., 2011i). a pot experiment, addition of two phosphate compounds (i.e.,
ammonium phosphate, triple super phosphates) increased the soil pore water Cu concentration, whereas
Thomas basic slags decreased it, in thee@uamination soils from the wood preservatisits (Bes

and Mench, 2008). Phosphate compoustusild be used with caution as their addition may lead to soil
acidification, increasing the mobility of some element such as arsenates (Mench et al., 2005).

Input ofalkaline materials such as red mud, basilags, cyclonic and fly ashes, and lime may improve
soil acidity and in the same time enhance sorption of Cd, Cu, Pb and Zn by reducing the H
concentration and increasing negatively charged sites. Dolomitic limestone (0.2% w/w) in combination
with compos (5% w/w) or calcium oxides (0.1% w/w) have proved to decrease Cu concentration in the
soil pore water at a wood preservation site (Bes and Mench, 2008; Kolbas et al., 2011). In a field trial
at the Arnoldstein site, red mud was effective after five yeEarganmobilizing Cd, Pb and Zn (1M
NH4NOs-extractable fractions reduced up to 99%) and to limit contaminant uptake by lbfotdgm
vulgare L., spp.distichon Friesl| et al., 2009).

Clay materials such as vermiculite may allowed metal(loid) sorptiothe clay layers, especially by
covalent binding with the hydroxyl groups or by ion exchange (Kumpiene et al., 2008). This process is
pH dependent; alkaline pH, cation exchange capacity (CEC) is high and the hydroxyl groups retain
metal(loid) including AsCu, Zn and Pbh. At acid pH, CEC decreases and the mobility of metal(loid)
may increase and they become more available for the root uptake. In a pot experiment, siderite bearing
material reduced extractable (D¥{Ds) Zn and Pb concentrations and maize uptakthe Cd, Pb and

Zn contaminated Arnoldstein soil (Touce@anzalez et al., 2015). In a pot experiment, the Cr and Mo
concentrations in the soil pore water of a polycontamintgeldnosol amended with vermiculite (5%

w/w) combined with compost (5%) werespectively 6 and 2 time lower than in the untreated soll
(Qustriere et al., 201).

Fe, Mn and Al hydr(oxides):iron grit (e.g. Fe(0) 97% and Mn 3%) corrodes once in the soil to form
newly Fe/Mn/Al oxi(hydro)xides, which can sorb Cd, Cu, Pb andTZbefg et al., 2016). Such oxides

may reduce the available fraction of metal(loid)s, notably in the root zone, and thus lower the pollutant
linkages associated with their leaching, ecotoxicity, plant uptake and human exposure (Komarek et al.,
2013). Gravel sldge is a finegrained waste product of the gravel industry that mainly consists g SiO
Al>Os, and FeOs, (i.e. 4065%, 37% and 542%, respectively). In the Arnoldstein site, gravel sludge
stabilized the Cd, Pb and Zn contamination over five years (1M\Rklextractable) mostly due to

iron oxides immobilizing mechanism and pH increase (Friesl et al., 2009). In a pot experiment, iron grit
(1% w/w) was the most effective amendments to decrease the soil pore water Cu concentration at the

wood preservation @ (Bes and Mench, 2008).
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2.1. 3. Organic amendments

Input of organic amendments suclcampost sewage sludge, biosolid, paper mill waste and peat may

(1) form immobilized complexes between organic ligands and metal(loid)s mainly Cu, Pb and As, (2)
improve soil texture and structure, (3) promote microbial community functioning, (4) stimulate OM
cycle and humification process, notably if the soil mesofauna is préSgintrease nutrient status and
water retention and (6) change soil pH (Kumpiene et 2008). Their effects on metal(loid)
bioavailability depend on the OM type, its microbial degradability (i.e. C/N ratio), the salt content, soil
pH and Eh, soil type, and metal(loid)s of concern (Hattab et al., 2014). However, a risk assessment of
the ameded soils in pot experiment is usually required before the application of OM directly in the
contaminated soil, as OM input enhance DOM concentration which may increase Cu, Pb and As

mobility (Beesley et al., 2011).

In addition,biochar as amendment fonisitu stabilization option has gained attention due to its ability
for improving soil quality, its capacity to decrease the mobility of sonstal(loid)s its low
degradability and its ability to boost soil carbon sequestration on the long term. Fttghgom of
biochar will be given in the next paragraph.

2.1. 4. The origin of biochar involvement: Climate change +Waste management %

Energy production  * Soil improvement.

Biochar +Climate changeThe increasing greenhouse gas (GHGs) emissions in ltheylebal climate

change are challenging the world to find new and better ways to deal with such global environmental
LVVXHV 6ROXWLRQV DUH QHHG WR VXSSRUW ZRUOGTV LQFUHDVI
al., 2010). Among GHGs, CQs one @& the major anthropogenic greenhouse gases (76%) mainly
attributed to fossil fuel combustion, followed by methane {€H6%) attributed to agriculture and

fossil fuel use and nitrous oxide { - 9%), mainly from agriculture (IPCC, 2007). Therefore, to
guench climate change and reverse the global warming trajectory, a program of mitigation measures to
reduce C@emission was needed (Wang et al., 2010). Two options may allow to rebalance the global
carbon cycleFig. 11) (1) improving carbon sequestrationa the soil as it may also benefits in terms

of soil quality (Lal et al., 2008), and (2) producing energy crops to decreaseffmssilse (see
Introduction 2.2. According to the Intergovernmental Panel on Climate Change (IPCC, 2007) and the
4 per 1000nitiative (4per1000, 20164 change in this trend is possible.
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Fig. 11. Sources and sinks of GOThe global carbon cycle (adapted from Steiner, 2006)

Among organic amendments, which can be used to sequester carbon in soils, biologically derived
charoal (biochar) could ba promising candidate (Lehmaenal., 2006; Laird, 2008; Ahmad et,al.
2014). Biochars are carbaith carbonized residues produced by waste biomass pyrolysis under high
temperatures and mid to low oxygémehmann, 2007) or undertragen atmosphere (Bach et al., 2016)

In an oxygen depleted atmosphere, the burned biomass forms structures that are much more resistant
than the original feedstockig. 129.

100
L
"5:
c
£
4] .
E 50 - Bio-char
L
5
s Un-charred organic matter
o
O
10 4
1 I 1 1 I >
1 2 3 4 5
Years

Fig. 12. Stability of biochar C and biomass C in soil (adapted from Lehratah, 200%

This stability against decomposition is attributed to the high proportion of C content, arranged as
aromatic compounds (characterized by rings of 6 C linked together without oxygen or hydrogen). When
added as a soil amendment, the condensechadic nature of biochar makes it more resistant to

decomposition and more stable in the environment (Amonette and Joseph, 2009). Consequently, the
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three main building blocks of biomass undergo transformation with increasing pyrolysis temperature:
the contient of cellulose and hemicellulose is reduced while lignin structure increases. This phenomenon,
associated with biomass loss increases the soil residence time of the biochar C, making biochar a viable
option to sequester C in soils (Baldock and Sme&0k2 Brassard et al., 2016).

Biochar tWaste management & Energy productidiive source materials for biochar production are
usuallyorganic residues from agriculture, e.g. field and process residues and animal manures, forestry
production, e.g. wood reflies, and industrial wastes, e.g. paper sludges and biosolids (Jones and
Healey, 2010; Sohi et al., 2010; Beesley et al., 2011). Biochars are one of the components created during
S\URO\VLV RI FURSV IRU HQHUJ\ SURGXFWLRIQJPDINLKYY WX K EHRJF
carbon cycle (1) plants use efiom the atmosphere to produce biomass, then (2) plants die and decay,
emitting carbon dioxide in the atmospherBE DNLQJ WKH Q DRAXUWER FOR&BOENRQ T

system, (1) plants useQz from the atmosphere to produce biomass, (2) the-pkgstured carbon is

used to produce energy (iliogas, see Introduction 2.2and (3) or/and stabilized as biochar and

amended inthe sl PDNLQJ WKH EL R&HOD Q AN (Wi B8

Tree Diagram
tExample

Fig. 13. The carbon cycle versus the biochar cycle (adapted from Glaser et al., 2009)
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Biochar +Soil improvementiLand application of biochdike amendments is not a new concept. Much

of our knowledge on biochar were essentially based on studiescbBBiOLNH GHULYHV IURP 3WH !
soils in the Amazonian Dark Earths basin (Lehmann et al., 2003). This hame comes from the large
amount of residues from biomass burndegived C stocks remaining in the soil hundreds of years after
they were abandoned’hese deliberate soil applications by Amerindian populations altered soll
physical and chemical properties and led to an improvement of crop production (Lehmann et al, 2006).
Its physical and chemical properties depend on the (1) feedstock origin apdsitoon, (2) pyrolysis
condition, (3) potential additive such as Fe oxides and (4) postproduction conditions as application rates
(Rees et al., 2014). Biochaase a relevarlargescalesoil amendmento supply a range of agronomic
benefits such as impving physical, chemical and biological properties of sadishfnann and Joseph,
2009).It can ameliorate soil fertilityplant growth root proliferationand cropyields(Sohi et al., 2010;
Kookana et al., 2011Amending soils with biochar significanthffacts essential soil properties such

as increasing CEC (Rondon et al., 2007), pH (Novak et al., 2009), and retention of water and nutrients
for plant uptake (Karhu et al., 2011; Gaskin et al., 2010), prevents nutrient losses with and
leaching (Miata et al., 2004), improves microbial soil habitatsjdecreases bulk densifgohi et al.,

2010).

Biochar +Trace elementdn addition to agronomic benefits, bioclmay immobilize few metal(loid)s

in soils Fig. 14) (Luo et al., 2014)Interactions btween biochar and metal(loid)s are complex and the
possible mechanisms are (1) formation of metal(loid) (hydr)oxides, (2) precipitatiorpogapitation

with carbonates or phosphates, (3) electrostatic attraction with negatively charged surfacés on soi
particles activated by the increase of pH (cation exchange), (4) sorptive interactions between metallic
FDWLRQV DQG DURPDWLF E HOHFWURQLF V\VWHPV [Higga®l & & ER X!
complexation involving surface functional graugf biochars (in particular oxygen, phosphorus, sulfur,

and nitrogen functional groups) that may or may not involve cation exchange (Uchimiya et a&l)., 2010
Every sorption mechanisms are more or less expressed depending on the proportion of organic to
cabonized fractions comprising the sorbent, soil properties and competition between metal(loid)s for
sorption (Uchimiya et al., 2011)An increased number of studies reports the biochar ability to
immobilize Cu, Cd, Pb and zand to reduce the phytotoxicit§f metal(loid)scontaminated soils (Park

et al., 2011; Luo et al., 201Biochar made from oak, ash, sycamore and birch was the more effective
treatment at reducing pore water Cu concentratdasCu mine in Cheshire, UKarami et al., 2011)
Negativdy-charged biochar surfaces sorb Cu, improve water supply, and ameliorate Cu toxicity in
sandy soils (Buss et al., 2012). The Cu leaching was reduced following biochar addition in g)&t(NO
spiked soil (Bakshi et al., 2014). Watmluble Cu was decreasbkg hardwooederived biochar at a
gasworks site in Brighton, UKgomezEyles et al., 2011Addition of abamboo and rice straw biochar
resulted in 97 % reductions of extractable Cu in a polycontaminated paddyYild ét al., 2016)

Several experimenexplained the decrease in Cd, Pb and Zn mobility and phytoavailability in biochar
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amended soils by increase in soil pH and CEC, adsorptianetél(loidycomplexing DOM and
electrostatic interaction between the positively charged metal(loid) ions aritveetarges associated
ZLWK GHO-RIedDdpd ¢pdondatic structures of bioctizeesley and Marmiroli, 2011; Karami
et al.,, 2011): e.gsugar cane biochar, Cd/Pb/Zducuna aterrima(Piper & Tracy) Holland, Zn
contaminated mine soil (Puga et al018a); bamboo and rice straw biochars, Cd/Cu/P&&aum
plumbizincicolal. (Lu et al., 2014); poplar derivealochar; Cd/Pb/Znl.olium multiflorumLam from
the Arnoldstein soil (Karer et al., 2015).

However, potential changes in the phytotoxicity of bEeamended soils over time must be
considered. Longerm efficiency of soil amendments is pivotal to preserve stability of metal(loid)
immobilization in contaminated soils and to avoid their leaching out of the root zone soils but long term
effect of biohar on contaminated soils remain poorly documerBadal on the literature, long term
field studies of biomass production on biochar amesbedaminated soils are fewn a field study, 2
years after amendment, grain yields and biomass of wheat weaéfewied by both rate 10 and 40 t
ha' of wheat strawderived biochar addition in a @bntaminated paddy soil but biochar reduced Cd
concentration in wheat grains (Cui et al., 201@¢rmination of grass (mix dfestuca rubral. and
Lolium perennd..) onsite failed in a 3ear field experiment on a contaminated (Ni/Zn) soil amended
with broad leaf hardwoaoderived biochar (Shen et al., 2018wo years after amendmermtoplar
derived biochar enriched with compost and nitrogen reduced the labile maiahfdche Cd, Pb and
Zn-contaminated soil from Arnoldstein area and allowed the production afinaontaminated

Miscanthus biomassuitable for energy crop production (Puschenreiter et al., 2016).

Co- precipitation

Bacteria &
(mycorrhizal)  fungi

‘Physical adsorption
&
Surface precipitation
@ H,0
3 4
OFe, Al, Mn
@ PO, Si0 2, CO 2>

Ca(ll)/Ca 2+, K()/K *,
Mg(l)/Mg 2+, Na(l)/Na +*

Fig. 14. Postulated mechanisms of the interactionsioftar with Cé* (adapted from Ahmad et al.,
2014)
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Negative impacts of biochar€onversely some negative effects of biochars were reported (Buss et al.,
2015).During the pyrolysis procesgolycyclic aromatic hydrocarbons(PAHSs),dioxins, furans and

volatile organic compounds(VOC, e.g. low molecular weight, organic acids, alcohols, ketones and
phenols, Buss et al., 2015) are likely formed. Moreover, conservative metal(loid)s accumulate in the
residual materialUsually, bioavailable PAH, VOC andhetal{oid) concentrations in biochars are
sufficiently low for not beingonsidered as a threat to plants and the environment (Singh et al., 2010;
Hale et al., 2012) but at high concentratidhey aresuspected to induce acute toxicity to various

organisms (Rgovska et al., 2012; Oleszczuk et al., 2013).

Increase soil salinity and electrical conductivity(EC) were reported in biochaamended soils
(Oustriere et al., 20Hp, depending on biochar type, and salinity is a limiting factor to plant growth
rate, cropyield, plant vigor and seed germination (Munns and Tester, 2008). High soil pore water EC
valuescan cause slight to severe damages to salt sensitive plants (Blegjimn2012). The soil pore
water of saline soils is composed of a range of dissolves] salth as NaCl, N&aQi,, MgSQ,, CaSQ,

MgCl,, KCI, and NaCG;s, each contributing to salinity stress (Tavakkoli et al., 2010).

Increase of DOMconcentration in the soil pore water (SPW) following biochar addition was reported
in numerous articles, leadinig increase mobility of certain elements such as Cu ant&bmiya et
al., (2013) reported Cu mobilization afteractivated plant biochar addition in a sandy sadluced by
eithermetal(loid)ion-coordinating organic fractions or competition betweerDanhdmetal(loid)ions

for the sorption sites of biochar and soil components. Hardwdedsed biochar can enhance 30 times
Cu concentration in the SPWle to increased dissolved organic carbon (DI@) soil contaminated
by As, Cu, Zn and CKidsgrove,Staffordshire, UK Beesley et al., 2010\ hardwood biochar and a
compost, alone and in combination, as soil amendment did not reduce theeRifrB&able Cu fraction
in a vineyard Ctcontaminated soil but influenced the microbial community compositicecckié et
al., 2015). In degraded soils only amended with biocimaesal(loid) solubility (i.e. As, Cu, and Pb)
may increase by emobilisation with DOM.

Increase in soil pHdue to biochar addition may enhance the immobilization of elements but increase
the mobility of othersBiochar amendment reduced the extractability and bioavailability of Cd, Zn and

Pb in a soil contaminated by atmospherepakitions (Houben et al., 2(4,8), but rooinduced
acidification of the rhizosphere counteracted the limiifigce of biochar and, in turn, suppressed short

term metal(loid) immobilization (Houben and Sonnet, 203canthusderived biochar increased soil

pH of a contaminated sewage field and reduced Zn and Cd concentrations in the soil solution whereas

those 6 Pb and Cu increased due to soluble complexes with DOM (Wagner and Kaupenjohann, 2015)

Combining biochar with other amendmen#scording toBeesley and Marmiroli (2011}p avoid
negative biochar effect, one option is to combine amendments such asst@mg iron oxides with
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biochar instead than using biochar alone. Bioat@mpost blends can increase total C, N and P in soils
and stabilize soil aggregates, as well as stimulate microorganisms (Sizmur et al., 2011; Schulz et al.,
2013). Biochar combinedith iron grit could reduce the watsoluble soil fraction of metal(loid)s and

thus the pollutant linkages associated with their leaching and ecotoxicity (Wagner and Kaupenjohann,
2015). Compost and biochar mixtures can promote Cu sorption and recduc€plzontent compared

to biochar singly (Sizmur et al., 2011; Borchard et al., 20@@nbining pine bark chigerived biochar

(2.5% wi/w) and compost (5% w/w) allowed thighest reductions in leachable Cu and plant yield
(sunflower) improvements at theoad preservation site (Jones et al., 2016). Bioglmmpost mixtures

were more effective to decrease wadgtractable Cd, Pb and Zn concentrations in contaminated soils
than biochar alone (Beesley et al.,, 2010). Compost and biochamBvatsica juncegl.) Czern.
reduced slightly the Cu, Ni and Pb mobility in a mine soil as compared to biochar alone (Redriguez
Vila et al., 2014). However, the potential gains of adding biochar with either compost or iron grit as

compared to biochar alone in metal(le@rtaminated soils remain poorly documented at field scale.

2.2 . Uncontaminated biomass for bioenergy and bioproducts
from contaminated sites stabilized by Gentle Remediation
Options

Selecting plant species for the phytomanagement of contaminated sitézestakith GRO is tricky

as the selected species need to be (1) adapted for the need of processing chain, (2) tolerant to soll
contamination (Gomes, 2012) and (3) ideally display few of these charactertsiios an excluder
phenotype regarding metal(I9&l (i.e. phytostabilisation), be perennial, fast growth and biomass
production, large and deep root system to explore large soil volumes, be tolerant to biotic and abiotic
stress such as drought or pest,-imasive, and ease of management and harve@fismggronsveld et

al., 2009; Mench et al., 2010; Kidd et al., 2015). There are multitude of plant species that can be used
for the phytomanagement of contaminated soils as well as obtaining useful end products such as
bioethanol, biodiesel, fiber, wood, ¢haal, alkaloids, bioplastics etc. during the clegnprocess
(Tripathi et al., 2016). Optimizing agronomic practices are essential for the successful and sustainable
phytomanagement of contaminated sitgg.(15).
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Fig. 15. A and B represent two kind$ intensive biofuel plantation models based on multiple biofuel
crops (Tripathi et al., 2016). In both cases, the biofuel treesMaahuca indicaPongamia pinnata
andAzardirachta indicaare intercropped witRicinus communiéshrub) and grasses likdiscanthus
giganteusandPanicum virgatumSince the gestation periods of trees are longer, the economic returns
from such biofuel parks can be maintained by using shrubs and fast growing species like Miscanthus,
switchgrass etc. The tree species are recemaied for the periphery as they can prevent the mobility

of pollutants to the neighboring nqolluted system.

There are two main types of conversion for plant biomass: the bioenergy production, in which the
biomass will be used directly as heat or proedsato gases or liquids (e.g. ethanol, biodiedal. (

16), and the production of vakaslded bioproducts (e.g. timber, paper pulp, bioplastic, dye,
pharmaceuticals, etc.) (Coates, 2005; Rockwood et al., 2006; Evangelou et al.,;2§157) (
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Fig. 16. General conversion routes of biomass for bioenergy production (adapted from Seshadri et al.,
2015).
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Fig. 17. Biomassprocessing opportunities related to the phytomanagement coupled with
phytostabilisation of metal(loiejontaminated soils (adaptédm Favas et al., 2015)

Selected plant species for phytomanagement options must be adapted to the conversion process and the
form in which the biomass is required. According to Ahmann and Dor@897), the orientation of a

plant biomass towards a pessing chain more than another will depend on its characteristics and
composition: (1) cellulose, hemicellulose, lignin composition, (2) triglycerides concentration and
composition, (3) fiber content, (4) molecules of various interests (i.e. pharmagely&antioxidant,

etc.). Different plant organs from a same plant species may display different characteristics and often

integrate different processing chain.

2.2.1. Energy crops for bioenergy production

Energy crops are plants that are cultivated igigdor the need of energy production (Pandey et al.
2016). Among them, few species were intensely studied for their ability of producing a valuable biomass

while performing sustainable GR®ig. 18).
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Fig. 18. Towards sustainable phytomanagement thraheg utilization of contaminated lands and
deployment of energy crops (adapfesim Pandey et al2016).

The type of biomass required for Boergy production is mainly determined by the energy conversion
process and the form in which the energy is ireguMcKendry, 2002). Considerable efforts have been
made to identify and diversify suitald@ergy cropspecies for the valorization of contaminated soils.
Among plant species proposed for commercial energy farming: woody species, grasses/herbaceous
plants, starch and sugar crops may be suitable for biomass production on marginal land. Energy crops
are composed of annuals and perennials speciesii@mustive list): (1) the annuals include sorghum
(Sorghum bicolot.. Moench), kenafHlibiscus cannabinuk.), rapeseedBrassica napus.), Ricinus
communisL., sunflower Helianthus annuuslL.), (2) the perennial include cardoorCyphara
cardunculu3, reeds Arundo donax..), Miscanthus iscanthus gigante(s switchgrass Fanicum
virgatumm), canary reed grag®halaris arundinacepand woody species such as willov&alix sp),

poplars Populus sp, eucalyptus Eucalyptus camalduensi®ehnh.), and black locusiRfbinia
pseudoacacip(Gomes, 2012).

2.2. 2. The case study of two grassy energy crops Miscanthus sp and Arundo donax
L.

Miscanthussp. is a @ perennial gras@Poaceae family) which produces a high yield biomassrfay.

be harvested twice in a ygait originates fromsoutheast Africa and subtropical Asia. Among
Miscanthussp. Miscanthus sinensi#/. sacchariflorus M. floridulus andM. x giganteusre the most

used cultivars (Pidlisnyuk et al., 2014). It tolerates a wild range of environmental conditions such as :
coastal lands, stream sides, waste lands, milling sites, damping sites, foothilisiartdin slopes up

to the 3500 m (Sun et al., 201®)iscanthussp.are tolerant tonetal(loid)excess: As, Sb and Pb (Wanat
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et al., 2013), Cd, Pb and Zn (Nsanganwimana et al., 2016), Cr, Cu, Ni, dpanaley et al2016) and
generally accumulate ther@aminant in the belowground biomabsanganwimana et al., 2014b). The
uncontaminated aboveground biomass may integrate regular processingtshain:lignocellulosic
biomasss suitable for the production bfoethanol or for heat production with wsband coal (Collura

et al., 2006; Han et al., 2011) may also provide raw materials for several industries (i.e. pulp and
fiber production, animal litter, fibeboards, building blocks and composite particleboards) (Park et al.,
2012).

Due to its fasgrowth and cellulose content Giant reéd {lona) is considered as one of the most
promising energy crops for marginal lands. This rhizomatous grass (Poaceae family) is native from the
Mediterranean basin and Eastern Asia. It was introduced in tempedat®izones worldwide and it

is now considered as naturalized species considering its wide distribution (Nsanganvimana et al., 2014).
Giant reed is claimed as one of the fastest growing grass (Palmer et al., 2014) with high photosynthetic
rate and able treach a maximal stem height betweeti88m. Under optimal growth conditions, it can
produce 2388 t DW ha! year* of shoot biomass or-20 cm day depending on the location (Bonanno

et al., 2012; Alshaal et al., 2015). This C3 grass is able to growarigimal land, can adapt to a large
range of hostile ecological conditions such as extreme salinity and pH, and tolerates severe and
prolonged drought (Alshaal et aR013). Giant reed is also tolerant to metal(loid) excess: Zn, Cr
(Kausar et al., 2012;ilet al., 2014), Cd and Ni (Papazoglou et al., 2005), Cu (Elhawat et al., 2015),
and As (Mirza et al., 2010 and 2011) and accumulates metal(loid)s mainly in its roots and rhizomes
(Nsanganvimana et al., 2014). Arundo uncontaminated aboveground biomastlte sfor the
production of solid biofuels for direct combustion andcombustion (Hoffmann et al., 2010),
gasification and pyrolysis (Ghetti et al., 1996), and for anaerobic digestion to produce biogas, or even
submitted to alcoholic fermentation faobthanol production (Pilu et al., 2012). Its culms represent an
important source of cellulose for the production of paper pulp (Fiorentino et al., 2013). Its residual
lignin content can be used for production of wooden build materials such asdaggdesin coatings

and composite and plant fiber/plastic composites (see Nsanganvimana et al., 2014 for a review).

2.2. 3. The case study of two woody species Populus sp. and Salix sp.

Short rotation coppices (SRC) use fast growing woody species charactwrifast juvenile growth

(i.e. in 25 year cycles for poplars and willows) for high biomass production in short amount of time
and space (up to 7.7 t Bgear® with Salix sp; Mola-Yudego et al., 2015). Several energy crops for

SRC have been tested forypbmanaging contaminated soils (Ludaarja et al., 2011Kidd et al.,

2015; Janssen et al., 2015; Gonsalvesh et al., 2016), the cellulosic biomass being used to produce heat
and electricity by direct combustion or transformed by pyrolysis and gasifidatiorbiofuels and

biochars (Bridgwater, 2006; Nsanganwimana et al., &024nong energy crops, popldgpulusspp)

and willows Salix sp) SRC are the most often used species to phytomanage metaldotdjninated
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sites (Evangelou et al., 2012; Kiddat., 2015; MolaYudego et al., 2015). Both species can grow from
temperate to tropical region and have marked adaptability to various soils and dfPeetdsy et al.
2016).They are also tolerant tmetal(loid) excessCd (Robinson et al., 2000), Céébastiani et al.,

2004 forpoplar; Yu et al., 2010 for willow), Cu (Bes, 2008), Se (Rimits et al., 1998 for poplar; Yu

and Gu, 2008 for willow) and polyontaminated Cd, Pb, Zn (Delplanque et al., 2013; Chen et al., 2015;
Janssen et al., 2015). Papdend willow mainly accumulate Cu and Pb in their roots, Cd and Zn mainly

in their shoots but with low contaminant accumulation in the wood (Laureysens et al., 2004; Borghi et
al., 2008; Chen et al., 2012; Wang et al., 2014; Enell et al., 2016; Qasim 2018). Their high
cellulose as well as moderate amount of lignin and hemicellulose in wood make them suitable
candidates for biethanol production (Zamora et al., 2013; Stolarski et al., 2015). The higher heating
value of poplar, less ash content, sfieclement ratios and lignin, cellulose and hemicellulose
proportion in its wood make it promising candidate for thermal energy production by biomass
combustion (Pandey et @2016).

2.3 . Extraction of contaminants in the contaminated matrix by
Gentle R emediation Options

Phytoextraction extracts pollutants from contaminated soils by using 2 types of metal(loid)
accumulating plants: (I)yperaccumulators, able to uptake and tolerate high concentration of one or
two (rarely more) metal(loid)s in shootse.i(in mg kgt DW) 100 for Cd, Se and TI, 300 for Cu, Co

and Cr, 1000 for Ni, As, and Pb, 3000 for Zn, and 10,000 for Mn, van der Ent et al., 2013); and (2)
accumulatorshigh biomass vyielding plantsyhich display a secondary accumulator phenotype
(relatively high shoot concentrations pfetal(loid)s as compared to common ranges but lower than
threshold values for hyperaccumulatdos)} produce a higher aerial biomass than hyperaccumulators
(Tablel) (Vangronsveld et al., 2009; Kidd et al., 2028gtal(loid)sare translocated and stored in the
shoots which may be then harvested and valorized (see Introduetibh Phytoextraction techniques

can be improved by incorporating organic and inorganic soil amendments, which enable plants to uptake
higher conteninant amounts when availability ofetal(loid)sin the soils is insufficient for the active

root absorptiorfMahar et al., 2015Potential chelating agents are organic and mineral acids, elemental
sulfur and ammonium fertilizers. The application of ctieta(chelate forming) agents, for instance,
syntheticaminopolycarboxylic acid ethylenediamitegraacetic acid (EDTA)is efficient to enhance

Cu, Cd, Pb, Zn and Niptake, particularly Pb (Mahar et al., 20bé} few disadvantages were reported
while usng EDTA (1) adverse effects on the soil microorganisms, (2) increase in leaching of metal and
possible contamination of ground water, and (3) slow decomposition of the synthetic organic acids
(Evangelou et al., 2007). To overcome these probleame rapl decomposing natural organic acids

are considered as alternatives to synthetic chelating agenéthiytene diaminedisuccinic (EDDS)

acids and nitrilotriacetic (NTAJEvangelou et al., 2007).
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Rhizofiltration extracts pollutants  fror

contaminated aquesumatrices by using rool
and rhizomes, notably those of macrophy
and some terrestrial plants. Tr
phytotechnology exploits the ability of ro

systems to sorb and/or uptake the contamit

and store it in the belowground biome
(Marchand et al., 201@Wu et al., 2018). The

metal(loid) fraction usually transferred to tl

shoot of macrophytes is estimated at <.
(Marchand et al., 2010). This method is mc

often used in constructed wetlands even i

also used in natural wetlands. Construc
wetlands(CW) are artificially created wetlan

in which the effluent flow in planted ponds

either on the surface, under the surfa

vertical, horizontal, or mixedHg. 19 Nivala
et al, 2013; Wu et al.,, 20H). Successful

";:&53: ..7.7 : - n" ‘?"~
with macrophytes planted in construct T4 —

rhizofiltration of Cucontaminated fluent
wetlands were reported (Guitton®@ilippe et Fig. 19 Effluent flow in CWs: (A) in surface (B
al.. 2014: Marchand et al., 2044Newete anc horizontal in subsurface (C) vertical (Dyixed

system
Byrne, 2016).

A successful rhizofiltration will depend on (1) the macrophyte species planted in the CW system, (2)
the effluent residence time in the CW, (3) the physicochemical conditions of the effluent, such as pH
and condition redox, (4) microorganism commigsit(ecto and endophytes, fungi) associated with the
plants (Marchand etl.a2010; Gilbert et al., 2013ivala et al., 2013). The selected plant species must
display one or more of these characteristics (1) be tolerant to high metat@aichntrationg2) have

a rapid growth and a (relatively) high biomass yield, and (3) accumulate contaminants in their root
without transferring to its shoot (excluder phenotype) (Bonanno and Lo Giudice, 2010; Nsanganwimana
et al., 2014).

Many macrophytes were testedhizofiltrate metal(loid) contaminated effluents, each species reaching
different levels of effluent purificatiolPhragmites australi¢Cav.) Trin. ex Steud is commonly used
species in CW (Sun et al., 20Rocha et al., 20tHuguenot et al., 201Kumari and Tripathi, 2015).
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It removed 98% of Cu in a stormwater bioretention systems (Rycdwczcki et al., 2016).
Phragmites australigmnd Phalaris arundinaced.. removed 90 and 82% respectively of Cu in a CW
contaminated by a CuS®olution(Marchand eal., 2014).Phalaris arundinaceahowed similar Cu
removal capacity aP. australis(Vymazal et al., 20G7Maine et al., 2009)Arundo donax_., lris
pseudacorud.., andCyperus eragrostitam., are less commonly used in CW but their tolerance to
high meal(loid)-concentrationsincluding Cumakes them relevant candidates for their use in CW
(Soda et al., 2012dris et al., 2012Yadav et al., 20L2Bonanno, 2013Sun et al., 2013Guittonny:
Philippe et al., 2015)n Aquitaine,A. donaxX., C. eragrostLam,, |. pseudacoruk., P. arundinacea,
and P. australisare common macrophyte species tolerant to high concentrationetafl(loid)s
(Marchand et al., 2014)Rhizofiltration of Cu contaminated effluent in CW would (1) treat
contaminated effluents an@)(promote biomass production which can be valorized (see Introduction
25).
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Table. 1.Case studies assessing phytoextraction myjgreraccumulatoor accumulatorsn Cu, Cd, Pb
and Zn contaminated soils (adapted from Kidd et al., 2015)

Species Genotypeselection | Study | Soil Metal(loid)s References
criteria type | characteristics | mg kg-1

Amaranthus Cd F Metak Cd/Pb/zn Li etal.,

hypochondriacus hyperaccumulator contaminated so| (4.52/721/96.74) 2016
affected by long
term irrigation
with local metal
contaminated
water

Anthyllis vulneraria | Zn- F mine site Cd/Pb/Zn Grison et al.,
hyperaccumulator 201%

S. smithianawilld. Metal accumulator |G 7 metal(loid} Cd/Pb/zn Puschenreiter

(Salix caprea x Salix contaminated etal. D13

viminalis(BOKU 03 soils

CZ-001))

Populus tremula Rapid growth, G Metal(loid) - Cd/Pb/zn Langer et al.
tolerance to various contaminated so| (24.3/3560/1960) |2012
climatic conditions affected by
and high adaptability former smelter;
to a wide range of Calcaric
soils and presence ( Cambisol; pH
TEs 7.2; organic C

27.3 g kgl ard
total N 2.1 g kgl

Salix caprea, S. Metal accumulators| F Cd/Zn Cd/Zn Unterbrunner

purpurea, S. fragilis, contaminated etal.2007

Populus tremula, P. soils across

nigra, Betula penduld Central Europe

Salix @prea, S. Metalaccumulators| G Agricultural soils| Cd/Zn Wieshamme

fragilis, S. x affected by (4.0-13.4/490955) | et al.2007

smithiana (S. caprea former Zn/Pb

x S. viminalis), S. x smelter; loamy

dasyclados (S. capre sand; pH 6.57.5

x S. cinerea x S.

viminalis)

Helianthus annuuk. | Metalaccumulators | F Cu-contaminated Cu Kolbas et al.
soil affected by | (1631170) 2011
copper based sa
for wood
preservation

Study type: F, field experiment; G, greenhouse based

2. 4 Processing chain for metal(loid)  -rich biomass

Biomass cultivated on metal(loidpntaminated soils may display metal(loid) concentrations above the
common values in plants, therefore the management and disposal of such plant biomass is of concern.
When plants have undergone significangtal(loid) uptake, valorization of biomass involves some new

aspects related to harvest, procedure and final product reutilization (Dilks, &2046). Such
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metal(loid}enriched biomass must be used or disposed safely. This technical issue is notetpmplet

solved yet.

2.4.1. Energy production processing chains adapted for metal(loid) -rich biomass

For metal(loidjrich plant biomass, the safer solution for energy production is the combustion or pyro
gasification of biomass for energy production (Lievenal e2008). When treating a metath plant
feedstock by pyrolysis, the objective is to maximize the metal content in the char and minimize it in the
liquid and gaseous phases, thus preserving the high value of the newly generated products. Controlled
variables such as temperature, heating rate and vapor residence time must ideally be adjusted
accordingly to the feedstock initial characteristics (Dilks et28116). Such processes operate at high
temperatures (> 850°C) at which metal(loid)s are mordyeasatized or accumulate in residual waste

(Stals et al., 2010). For a Cd, Cu, Pb andrigh biomass (birch and sunflower) obtained by
phytomanaging contaminated soils, an acute temperature adjustment for fast pyrolysis allowed the
production of bieoil free of metal(loid)s with an accumulation of the contaminants in the ash/char
fraction (Lievens et al., 2008). Pyrolysis temperature is pivotal for the transfer of metals into the volatile
pyrolysis products. For this study, at a temperature of 450°@sakal metal(loid)s were accumulated

in the char/ash residue. Even though enriched in metal(loid)s, the char/ash residues produced during the
pyrolysis process may be in turn valorized (see Introductiod)ZGonsalvesh et al., 2016). Shoots of
tobaccaused for phytomanaging soils contaminated mainly with either Cu or Cd/Zn were converted by
pyrolysis and subsequent physical activation by stearmattteated carbons. These activated carbons
were enriched in metal(loid)s but thigachability was limitd, which indicates that those products may

be safely applied as adsorption me@@onsalvesh et al., 2016). After such process, metal(loid)
recovery from fly ash may be performed using hydrometallurgical routes (Fiorentino et al., 2013).
Combustiorof metd(loid)-rich biomass may aldae processed in boilers (i.e. collective or industrial)
equipped with efficient air cleaning systefng. multicyclones, electrostatic precipitator, baghouse)
(Chalot et al., 2012; Delplanque et al., 201Gpntaminants inhte remaining ashes influence their
potential use. Depending on their metal(loid) concentrations, these ashes may not be considered as
potential fertilizers for agricultural soils and must be disposed as hazardous waste. However, if the ashes
contained acqaable metal(loid) concentrations, they can be recycled for cultivable grounds (Bonanno

et al., 2013). Trace elements accumulated in plant parts during the phytomanagement and remediation
of a marginal land may influence the activity of microorganisms phaicipate in the conversion
process (Cao et al., 2015). In certain conditions, minor quantities of certain metal(loid)s such as Ni, Co,
Mn and Fe are found to enhance biogas potential stimulating the bacterial activities, but in most cases
metal(loid) pxicity slowdown the microbiadiriven conversion of lignin cellulose to ethanol and
biopolymers and these options are usually set aside (Srujana, 2015). Copper, As and Pb may induce an
inhibitory effect on bieconversion due to tliretoxic effect on the narobes Copper Pb, Cr(VI) and Zn

inactivate enzymes during bgasification (Selling et al., 2008). Therefore, when contamieariched
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crops are used for energy purposes, their impact on conversion efficiency as well as the energy should
be considered.

2.4.2 . Specific processing chains for metal(loid) -rich biomass

Few additional processing chains may valorize the metaKiat) biomass by considering the

metal(loid)s as a potential profit and not a threat:

- The "Phytomining" for the production andramercial exploitation of metal(loid)s (Ni, Zn, Co, etc.)
extracted by hyperaccumulators.

-7KH 3% LRIRUWLILFDWLRQ " IRU WKH SURGXFWLRQ RI ELRIRUWLIL

- The "Ecocatalysis" for the production of metal(loid) species withsual characteristics able to
catalyze fine organic chemical reactions.

Phytomining is based on the ability of plants to accumulate high concentrations of metal(loid) (Ni, Co,
Zn, Se, Tl, Cd, and Cu) in their aerial parts (Tibbett, 2015). The firstestadliout phytomining date
back to the 90s with the first patent in 1988 (Nicks & Chambers,; B8ihinson et al., 199Thaney

et al., 1988). In this process; shoots are harvested to extract the economically valuable metal(loid). This
processing chain depds on the labile fractions of metal(loid) in soils, plant uptake, biomass yield and
particularly the metal(loid) price at the world market (Robinson et al., 2015). Nickel phytomining was
proven to be economically feasible in the USA (Chaney et al., 2@059. in Europe (Albania)
successful field experiments using a Ni hyperaccumulalgs$um muralewere reported (Bani et al.,
2007). Phytomining is, currently, only suitable for metals (such as nickel), with high market value (i.e.
9.7 $ kg' Ni vs 5.2 $kg* Cu).

Biofortification is an agricultural process that increases the uptake and accumulation of specific
nutrients (Rouached, 2013). According to WHO, enrichment or fortification of foods is defined as "the
deliberate adding of one or more micronenits aglietary supplementgo increase the intake of these
micronutrients, correct or preventdeetary GHILFLHQF\ DQG SURYLGH D KHDOWK
13/35/10). Nowadays, the Codex General Principles for the Addition of Essential Nutrients to Foods
(CAC / GL 091987) do not contain any directive directly related to these micronutrient additions
through biefortification of crops by conventional breeding or agricultural practices. More than 60% of
the world population is supposed to be deficient ind®&b6 in Zn and/or | and 15% in Se (Rawat et al.,
2013). In addition, Ca, Mg, and Cu deficiencies are common in many developed and developing
countries (White and Broadley, 2009). The jointly use of phytoremediation and biofortification
technologies couldoth produce food enriched in one or more essential elements (Fe, Zn, |, Se, Ca, Mg
and Cu) and treat contaminated soils (Wu et al., B0THhis option has been mainly used for the Se

enrichment of food. Bafiuelos and Mayland (2000) and Barfiuelos €04I0) found that 8rassica

63

E



junceaSeenriched by phytoextraction (2 + 0.5 ug SeDyV) can be used safely as dietary supplement
in animal rations.

Ecocatalysisis a process based on the novel use of metal(loid) chemical species originating from plant
biomasses with high metal(loid) concentratiorSuch biomasses producedetal(loid}ligand
complexes used as "Lewis acide"catalyzdine organic chemical reactionBif. 19). The originality

of ecacatalysts compared to conventional catalysts comes fremnuhusual oxidation levels, new
associated chemical species and synergic effect of theatalyst mix(Clavé et al, 2016 a). These
catalytic mix allow the formation of carbararbon bonds, modification of one or more electrophilic
elements in functiodagroup and catalyze reactions of oxidaduction.They can (1) simultaneously
interact with several chemical functions of the same compound, limiting the «wewivity (the
reactivity order with various functional groups of a molecule), (2) prefatgntrientate the catalytic
reaction in some reactive sites rather on another (reggtattivity), and (3) orientate the catalytic
reaction toward a reaction product rather than another (stetectivity) (Escande, 2014). This
catalytic mix allows to i$cover new reactions or ameliorate already exisiimg sometimes resulting

in different products from those obtained through conventional catahigts2Q). This catalytic mix
allowedthe synthesis of molecules with high added value: pharmaceugagls(ticancer and antiviral
agents), cosmetics, agrochemicals (e.g. green pesticides) and t&eiiakloid)s such as Rhodium,
Palladium, Nickel, Zinc, Copper, Manganese, Molybdenum and Cobalt are involved in these catalytic

reactions.
Biomimetic oxydations Controlled oxidation to aldehydes Tandem catalytic oxidations
Alkene epoxidation Enol ether synthesis Carbonyl-ene reaction
Diol oxidative cleavage Oxidative iodination
Eco- Carbonyl reduction
Mn
Suzuki reaction o | 7| Biginelli reection
Heck reaction Pd | _ Ni J SEarEER
Eco-M Alkenes chiorination
Chemoselective hydrolysi b
% o s Eco- Eco-
Ullmann reaction Cu 4 Ca Sieoselactin SO
Eco- C-glycosylation
Zn

1
¥ 4 1 i 'y !
Diels-Alder reaction Aldo! reactions

Tandem electrocyclization Aldol reactions

Friedel-Crafts reaction Biomimetic reductions

Oligonucleotide coupling Garcia Gonzalez reaction Amines N-formylation | ajcohols chiorination

Selective aromatic bromination Hydro-acyloxy-addition Selective deprotections Hantzsch reaction

Fig. 20. Orgaic synthesis by eecatalysts (Grison et al., 2045
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2.5. The search for new Cu - eco -catalysts

New ecocatalysts are needed to increase the number of potential catalyze reactions and among
metal(loid)s, Cu is of interest (Clavé et,&016 a). Ctbasedcatalysts are sustainable and eost
competitive catalyzers for the high yield production of rgexteration biorefinery components (Yuan

HW DO +LJK &X FRQFHQ\WLWw/\ateRErded Lo iHeetthe reduireient for
biocatalysis (Clavét al, 2016 b). Such high shoot Cu concentration is unusual in plants. The criteria
for Cu hyperaccumulation is 300 mgkghoot DW, only 46 species can meet this requirement (van

der Ent et al., 2013) and the majority of theseh@peraccumulators aaiginated from Congo (with

at least 32 species; Reeves and Baker, 2000), China or Sri Lanka (van der E20&8al However,

in a study where intensive washing method was employed to clean these hyperaccumulator shoots,
authors found that shoot contetions rarely reached the threshold limit of hyperaccumulation and
that most of the samples previously analyzed were contaminated by dust containing Cu (Faucon et al.,
2007). Obtaining a biomass displaying shoot Cu concentration required for biocasadystsallenge,
especially if the use of local plants species is desired. One solution for high Cu concentrations is to use
macrophyte plant species suchEdsocharis acicularisConcentrations up to 575 mg CukgWw in

the shoots were measured fér acicularis exposed 15 days to 1 mg Cu'l(Ha et al., 2011).
Concentrations up to 25 000 mg Cu'k@WwW were reached in the roots ®fpha spexposed to 2.52

UM Cu (Valipour et al., 2014) and 2610 mg CuXgW in the roots oCyperus alternifoliug.. expcsed

to 16.5 uM Cu Cheng et al., 2002)n the roots ofris pseudoacorus. exposed to 0.7 uM Cu, Cu
concentrations peaked 330 + 170mg Cu kg DW (Sun et al., 2013). Due to their high ability to
tolerate high metal(loid) concentrations and to remowaaminants such as metal(loid)s mainly by
immobilization in the rhizosphere and storage in the belowground biomass, macrophytes are able to
rhizofiltrate contaminated effluents (Marchand et al., 2010; Wu et al.,@p0h5parallel, significant
amountsof Bordeaux mixture effluents (BME) occurred in Aquitaine region, notably by filling and
rinsing the tanks of crop sprayers. Based on Aquitaine vineyard area (150 000 ha), the average tank
volume (600 L of BME at 1 50§ Cu hat for 3 ha) of crop sprayersgsidual volume per tank (5 L) and

an average of 10 treatments per year, the total volume of BME woul&@@ @00 L (Maille, 2004).
Treatment of these effluents through conventional physical, chemical, and biological techniques are
usually costly and geerally operators are not able to fully afford them. They prefer to spread such BME
on the field, as authorized by the Article L. 2b68f the rural Code in France. €ontaminated effluents

were successfully cleamp in CW (GuittonnyPhilippe et al., 203AMarchand et al., 2014; Newete and
Byrne, 2016). To avoid such unnecessary spreading, rhizofiltration of BME in CW planted with
macrophytes may be an efficient and esf§éctive solution (Marchand et al., 2010; Wu et al., 2015

Based on these obsenats, macrophytes could simultaneously rhizofiltratecGataminated effluents

and provide a belowground biomass with high Cu concentration for theagalgsis process.
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2. 6. Limitation of phytomanagement options

Although there is a great need and lotbefefits of producing usable biomass fenewable energy

or providefeedstockfor the circular bioeconomyome constraints are related with their cultivation:

(1) energy crops are mostly cultivated as monospecific culture which is not the best opéistor®
biodiversity in contaminated soils, (2) to maximize biomass yield increases in nutrient and pesticide
supply are often needed, (3) most of the cultivated energy crops due to their high rate of
evapotranspiration (i.Arundo donaxMiscanthu$ required an important amount of water (Pandey et

al., 2016). Moreoverdespite the growing interest BRO techniques, some limitations must be
considered: (1) the treatment of contaminated solisited to the area/volume prospected by the roots
and concens only the bioavailable pool of contaminants taken up by the plants, which implies the
decontamination of only a fraction of the total soital(loid)s(Kidd et al., 2015) (thus in countries

with a legistation based on total soil TE instead of spegfficassessment, it would be a bottleneck),

(2) stabilization techniques can be implemented on a large scale, however, the long term behavior of
metal(loid)s may remain uncertain, (3) one phytoextraction benefit is to clean up the matrix by
extractingmetd(loid)s, but this process is generally slow if the legislation is based on the total soil
metal(loid)s as the labilenetal(loid)spool is mostly concern (on such basis it is somewhat much faster
than expected, Herzig et al., 2014). In general, the phlyaied/or chemical infertility of certain soils

prevents or limits the use of these techniques.
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Part. 2. Biomass production with (essential) metal(loid)
concentrations within the common ranges usable by local biomass
processing chains.

2.1 . Risk assessment

2.1.1. Chapter 1 - Influence of biochars, compost and iron grit, alone and in
combin ation, on copper solubility and phytotoxicity in a Cu - contaminated soil from
a wood preservation site.

Published in Science of the Total Environmeimnt 2016
Doi: 10.1016/j.scitotenv.2016.05.091

Pine bark -Biochar Untreated soil Chicken manure -Biochar
964 mg Cu kg -1
pH SPW: 7.3 pH SPW: 6.9 pH SPW: 7.5
Cushoot: 44mgkg ' Cushoot: 37mgkg * Cushoot: 37mgkg 1

transfer

transfer

N Salinity

Fig. A. Graphical abstractChapter 1
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Influence of biochars, compost and iron grit, alone and
In combination, on copper solubility and phytotoxicity in
a Cu -contaminated soil from a wood preservation site

Nadege Oustrier&?, Lilian Marchand?, Joseph William Gallarie, Lunel Gabboh?,
Nathalie Lottie?, Mikael Motelice, Michel Mench 2

1UMR BIOGECO INRAZ2DIVERSITY AND EONONING OF COMMUIES, UNIVERSITY OF
BORDEAUX, BAT. BR|.BE GEOFFROMBRIRE, CS50023833615 PESSAC CEMRANCE.

2INRA, UMR BIOGECUZIN iTi1TU 08 ZKARGACHON, 388 CESTAS, FRANCE.

E-mails: oustriere.nadege @gmail.comarchand.lilian@gmail.cormench@bordeaux.inra.fr
lunelgabon@gmail.congalland.william@outlook.fr
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FEROLLERIE, 45071LBANS CEDEX 2, FRANC

E-mails: nathalie.lottier@univorleans.fr mikael.motelica@uniorleans.fr

Abstract

Two biochars, a greenwaste compost and iron grit were atgeband in combination, as amendment
to improve soibropertiesand in situ stabilize Cu in a contaminated @4 mg Cu kg) from a wood
preservation siteThe pot experiment coissed in 9 soil treatments (% w/w): untreated-Cu
contaminated soil (Unt); Unt soil amended respectively with compost (5%, C), iron grit (1pthe&),
barkderived biochar (1%, PB), poultrpanurederived biochar (1%, AB}PB or AB + C (5%, PBC
and ABC), ad PB or AB + Z (1%, PBZ and ABZ). After arionth reaction period, the soil pore water
(SPW) was sampled in potted soils and dwarf beans were grown faeakperiod. In the SPW, all
amendments decreased thé'@oncentration, but total Cu concentratinoreased in all ABamended
soils due to high dissolved organic matter (DOM) concentration. No treatment improved root and shoot
DW yields, which even decreased in the ABC and ABZ treatm&h&sPBZ treatment decreadedil

Cu concentration in the SPWhile reducing the gap with common valuesrot and shoot yields of

dwarf bean plants. A field trial is underway before any recommendation for thed&#l treatments.

Keywords:copper contamination, in situ stabilizatiéthaseolus vulgarik., soil renediation,
soil pore water.
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Since the 18 Century, Cubased salts are used wsod preservatives to control insects and fungi
(Karjalainen et al., 2009).ong time use of Cibased salts such as CuS&nhd chromated copper
arsenate (CCAcombined with washings of treated wood often results in soil Cu contamination (Bes
and Mench, 2008). Copper in moderately and highly organic contaminated soils is present in less mobile
and bioavailable forms, whereas in mineral soils, the labile fraci@ften higher (Mench and Bes,
2009).Copper excess in topsoils can enhance its concentration in the labile soil pool (environmental
availability) and in tissues of biological receptors (bioavailabiliBdlan et al., 2014)This can force

plants to adpt their cellular Cu homeostasis (Ravet and Pilon, 2013), impact their growth (Cuypers et
al., 2000; Bes et al., 2013; Kolbas et al, 2015) and seletbl€ant plant species and populations
(Hego et al., 2014). It can also decrease soil biodiversily abundance and species composition of
earthworm, bacteria and fungi communities (Lagomarsino et al., 2011; Qiu et al., 2013; Mackie et al.,
2015), and inhibit activity of hydrocarbategrading microorganisms thus impairing C and N cycles
(Mackie et al.2015) In additionwood preservation sitege often characterised by unfavourable soil
properties, e.g. lack adtructurewith low organic matter (OM) content, low nutrient availability and
acidic pH Mench and Bes, 2009; Bes et al., 2010; Hattab €2@l4; Thaler and Humar, 2014

In situ stabilization of contaminants througimeral and organic soil amendmeistene of the feasible

gentle remediation options (GRO) which can be implemented at contaminated sites (Kidd et al., 2015).
This option aims &(1) improving soil biophysical and chemical properties suc®Msand nutrient
contents (2) reducing the pollutant linkages (here the combination of a-patiheeayreceptor, Cundy

et al., 2015) and (3) restoring the cascade of biological processisatidns which in turn promotes
ecosystem services (Mench et al., 2010; Bolan et al., 2014). The soil amendments can lead to
immobilize Cu in the solid phase through various reactions, i.e. sorption, precipitation, complexation,
ion exchange and redox pess, thereby decreasing Cu environmental gra)lability (Kumpiene et

al., 2008).

Biochars (biologically derived charcoal) acarbonrrich carbonized residues produced by waste
biomass pyrolysis (thermal treatmeuntjder high temperatur¢450 to 650€C) and mid to low oxygen
(Lehmann, 2007; Ahmad et al., 20148mending soils with biochar has gained attention due to its
ability to (1) improve soil fertility and planields(2) resist to chemical/biological degradation and thus
serve as a lonterm stoage of carbon, (3pcrease cation exchange capacity (CEC), pH, and water and
nutrient retention, and (4) promote microbial communities able to degrade xenobiotics (Zhang et al.,
2013). In addition, an increased number of studies reports the bioch&y tbilinmobilize trace
elements (TE), including Cwand to reduce the phytotoxicity of Jd&ntaminated soils (Park et al.,
2011; Luo et al., 2014Biochar effects on Gaontaminated soils depend on many parameters such as

biochar properties (i.e. raw ma, initial carbon content, pyrolysis temperature and sorption capacity)
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and characteristics of soils to be remediated (e.g. pH, soil texture, and OM content) (Park et al., 2011).
Biochar made from oak, ash, sycamore and birch was the more effectiveetreat reducing pore

water Cu concentrationsf a Cu mine in Cheshire, UKKarami et al., 2011)Negativelycharged

biochar surfaces sorb Cu, improve water supply, and ameliorate Cu toxicity in sandy soils (Buss et al.,
2012). The Cu leaching was redudetiowing biochar addition in a Cu(N§® $spiked soil (Bakshi et

al., 2014). Watesoluble Cu was decreased by hardwdedved biochar at a gasworks site in Brighton,

UK (GomezEyles et al., 2011)Addition of abamboo and rice straw biochar resulted h %
reductions of extractable Cu in a polycontaminated paddy fieldd et al., 2016)

Conversely negative effects of biochar are reported (Buss et al., Zai8)g the pyrolysis process,
polycyclic aromatic hydrocarbons (PAHSs), dioxins and furansikedyIformed and conservative TE
accumulate in the residual materidsually, bioavailable PAH and TE concentrations in biochars are
sufficiently low for not beingonsidered as a threat to plants and the environment (Singh et al., 2010;
Hale et al., 2012 However, @pending on their concentratio®AHs and TE arsuspected to induce
acute toxicity to various organisms (Rogovska et al., 2012; Oleszczuk et al., Q0hBhiya et al.,

(2013 reported Cu mobilization aft@ractivated plant biochar addition a sandy soihduced by either

metal ionrcoordinating organic fractions or competition between dissolved organic matter (DOM) and
metal ions for the sorption sites of biochar and soil components. Hareleoived biochar can enhance

30 times the Cu awentration in the soil pore water (SP@l)e to increased dissolved organic carbon
(DOC) in a soil contaminated by As, Cu, Zn and ®itjsgrove, Staffordshire, UKBgesley et al.,
2010) A hardwood biochar and a compost, alone and in combination, asemitienent did not reduce

the DTPAextractable Cu fraction in a vineyard Cu contaminated soil but influenced the microbial
community composition (Mackie et al., 2015). In degraded soils only amended with biochars, TE (i.e.
As, Cu, and Pb) solubility can irease by cenobilisation with DOM. According tdBeesley and
Marmiroli, (2011),the combination of amendments such as compost and iron oxides with biochar may
be more suitable than biochar alone for the remediation and revegetation of contaminated taag as it

promote TE immobilization and buffer nutrient depletion.

Compost inputs into depleted €ontaminated soil can (1) improve soil texture and structure, (2)
promote microbial community functioning, (3) stimulate OM cycle and humification process,ynotabl

if the soil mesofauna is present or can color@kgform immobilized complexes betwenmic acids

and Cu, (5) increase nutrient status and water retention, and (6) change soil pH and CEC (Kumpiene et
al., 2008). Its effects on Cu environmental biokalility depend on the composted material, its
microbial degradability (i.e. C/N ratio), the salt content, soil pH and Eh, and soilBges|¢y et al.,

2010). Biochareompost blends can increase total carbon, nitrogen and phosphorus in soils and stabiliz

soil aggregates, as well as stimulate microorganisms (Sizmur et al., 2011; Schulz et al., 2013). Compost
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and biochar mixtures can promote Cu sorption and reduce plant Cu content compared to biochar alone
(Sizmur et al., 2011; Borchard et al., 2012).

Iron grit mainly consists of zerovalent Fe(0) (e.g. 97%) and some impurities (e.g. Mn 3%). Once in the
soil, iron grit corrodes to form newly Fe/Mn oxi(hydro)xides, which can sorb TE such dsheuny et

al., 2016). Such oxides can reduce the available draci metal(loid)s, notably in the root zone, and
thus lower the pollutant linkages associated with their leaching, ecotoxicity, plant uptake and human
exposure (Komarek et al., 2013). Single use of iron grit is usually insufficient to remediate Cu
contamnated soils. Its combination with other amendments, mainly organic, is recommended to

enhance plant growth on these soils (Bes and Mench, 2008).

Information is scarce on the combined effect of amending -®oGtaminated soil from a wood
preservation site ith biochar and either compaost or iron grit. This study aimed at assessing the potential
benefits and drawbacks posed by adding biochar derived from either animal or plant feedstocks, i.e.
poultry manure and pine bark chips, compost and grit, alone and in combination, in a Gu
contaminated soil from a wood preservation Jitee noveltyof this studywas to quantifithe influence

of these treatmentm (1) Cuand nutrient mobility, sorption and/or leachif®@); dwarf bear{Phaseolus
vulgarisL.) yield; and (3) Clconcentration and mineral mass in the adggnparts with two biochars

produced from raw materials inducing large differences in their elemental composition.

ODWHULDO DQG OHWKRGV

2.1 Soil, biochars, compost and iron grit

The Cucontamirated topsoil (Unt, 25cm, Fluvisol £Eutric Gleysols, World Reference Base for soil
resourcesyvas randomly collected (100 kg) with an unpainted stainless steel spade atshie B3

of a wood preservation site (10 ha) located at SAiptGDU G GA (YUDRQGH 6: )UDQFH f
1 f . OHQFK DQG %HV , WV WH[WXUH LV VDQG\ L H
silt, with 1.3 % OM, C/N 16, neutral pH (7 + 0.09) and a IB&EC (2.5 cmol kéf). As compared to
background TE values ffé-rench sandy soil, it is mainly contaminated by Cu, but not significantly by

As and Cr (Table 1).
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Table.1. Main soil properties

Parameter Mean £ SD Background level$ | Risk assessment
- remediation needéd

pH 7 +0.09 6.60

CEC 25+0.2

P.Os (g kg' , Olsen extractable)| 0.03 + 0.002

Organic matter (g k§ 13+0.4

Organic C (g k@) 8+0.3 14.5

Total N (g kg') 0.5+0.01

CIN 16 £ 0.2 10.02

Texture (g kd )

Sand 858 .

Silt 83 ”

Clay 59 i

Total TE (mg kd)

Cr 21+0.7 1440 250

Cu 964 + 20 3.28.4 100

Ni 5+0.3 42445 100

Zn 37+1.6 1748 500

As 7+04 1258 30

PAHs (mg kd')

Fluoranthene 1.9 0.4 10400

Indeno[1,2,3cd]pyrene 0.95 0.019.015 1

Benzo[g,h,i]perylene 0.8 140

Benzo[b]fuoranthene 0.8 0.1 1

A Frequent total concentrations in

INDIQUASOL, 2016).

French sandy topsoils (B4i2@7; Baize, 2000; Villanneau et al., 2008,

B Frequent total As concentrations for all French soil types (Bes and Mench, 2008).

€. Québec guidies for risk assessment and remediatidrand Protection and RehabilitatiGtegulation (2016).

Two commercial biochars (Florentaise, Safdrs-du-Désert, France) were tested, one was produced

using pine bark (PB) and the other one using chickenume(AB) via pyrolysis at 42€C for 180 s.

Soluble salts were not removed from biochars (T.&)lel'he compost (C) made from green wastess (9

12 months) was purchased from Gonzales freres, Martignas sur Jalle, France. Zerovalent iron grit (Z,
GH120, particle ige <0.1 mm) was obtained from Wheelabrator Allevard, France (Bes and Mench,

2008). Elemental composition, carbon content and PAH concentrations of biochars and compost were
GHWHUPLQHG DW WKH ,15%$ / DERUDWRLUH GT$Qéan@a&metho@HYV 6ROV

(INRA LAS, 2011) (Table2).
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Table.2. Composition of soil amendments

French upper
AB | PB | C C”t;‘;?';ggzihco'ds z EBC® IBI ©
amendment$
Ph 10.3 | 9.89 | 7.53 - -
CEC (cmol kg) | 12.3 |1.23 | 26.7 - -
Major elements (%DW)
H 0.8 0.8 - - -
N 3.4 0.3 0.69 - -
S 0.9 0.03 |- - -
Cl 1.6 0.01 |- - -
C 48.9 |90.3 |10.9 >50% | &ODVV .
Class 2: [30%
60%]
Class 3: [10% 30]
Nutrients (g kg%
Ca 53.9 |18.6 |225 - -
K 102 138 |54 - -
Mg 235 | 299 |19 - -
Na 9.8 0.389 | - - -
P 37.7 | 0.105| 0.374 - -
Elements (mg kg')
Al 1790 | 1650 | 12700 600 - -
As 0.57 |0.461 | 4.47 | 18 70 - 12-100
Cd <0.5 | <05 |<05 |3 0.03 1 1.4-39
Cr 183 | 459 |21 300 3500 80 64-1200
Cu 362 | 230 |85.8 | 120 1010 100 63-1500
Mn - - - 7710 - -
Fe 6320 | 4470 | 6830 973000 | - -
Hg <0.1 |<0.1 |<0.1 |2 1 1-17
Ni 75.1 |28.3 |7.98 |60 739 30 47-600
Pb <2 2.61 |515 | 180 20 120 70-500
Zn 1100 | 50.5 | 174 600 104 400 200-7000
PAHs (mg kg?)
Sum of 16 UEPA 19.8 | 163 | <DL 4 6-300
PAHsP
Fluoranthene <01 |748 |<0.1 |4 - -
Benzo(b)fluoranthend <0.1 | 0.149 | <0.1 | 2.5 - -
Benzo(a)pyrene <01 <02 |<03 |15 - -
Naphtalene 18.8 | 101 <0.2 - -

A-French upper critical thresholds for organic amendméeis U 4451, Dec. 2010)

B &}oo0}A]JvP "A]8l BEo v [+ Z u] o Z]*l Z p 8]}v & ~ Z uzZZse}v E C o]JvP ( d
€-Range of Maximum Allowed Thresholds reflects different soil tolerance levels for these elements in compost,
biosolids, or soils estabhed by regulatory bodies in the US, Canada, EU and Australia (See Appendix 3 of the

IBI Biochar Standards for further information)

P-Corresponds to the PAHs threshold defined in the Swiss Chemical Risk Reduction Act (Chem RRV)
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2.2 Soil treatments

TheUnt soil wasair-dried,sieved to 5 mm, and manually homogenized. Biochars were crushed, sieved
to 2 mm and manually homogenized before mixing with the soil. Each biochar was trialed in a pot

experiment, alone and in combination (% w/w) with compost esrd grit (in triplicate) to consist 9

treatments:

(1) untreated Crcontaminated soil (Unt) (6) Unt soil + 1% AB + 1% Z (ABZ),
(2) Unt soil + 5 % Compost (C), (7) Unt soil + 1% PB (PB),

(3) Unt sail + 1% Z (2), (8) Unt soil + 1% PB + 5% C (PBC),
(4) Unt soil + 1% AB (AB), (9) Unt soil + 1% PB + 1% Z (PBZ).

(5) Unt soil + 1% AB + 5% C (ABC),

Soil treatments were homogenized by rotation in a plastic flask, potted in plastic pots (1 kg, 11 cm X

11cm x 11cm, 1.8), and placed under controlled condits in a greenhouse.

2.3 Plant testing

All potted soils were weekly watered (70% of water holding capacity, WHC) with deionized water for
a 3month period (Marcliune 2014), allowing soil amendment to react with the contaminants and
microbial communitieso develop. In June, sgihytotoxicity was assessed using the PlantTox biotest
adapted from the 1ISO 112@&9standard protocol (ISO 2012; Ruttens et al., 2006). Dwarf b&ans (
vulgaris L., cv. Skipper, Vilmorin) were sown (4 seeds/pot, 3 pots per tre@tnrerll pots, and
cultivated durindgl5 days in controlled conditions (16 /8 h light/darkness; 65 + 5% relative humidity;
25+ 2°C) in a greenhouse. Potted soils were daily watered (deionized water) to maintain a 65% WHC
rate. After 15 days, the shoots amabts were harvested, washed twice with deionized water, blotted
with filter paper, placed in paper bags and oven dried at 60°C to constant weight for 72h and then

weighed for determining the shoot and root DW vyields.

2.4 Soil pore water and plant analy

For each pot, dried shoots of the four plants were pooled, ground (< 1 mm particle size, Retsch MM200)
then weighed aliquots (0.5 g DW) were wet digested under microwaves (CEM Marsxpre$§§)1200
with 5mL suprapure 14M HNQ, 2mL 30% (v/v) HO- not staldized by phosphates and 1 mL MilliQ

water. Certified reference material (BIPEA maize V463) and blank reagents were included in all series.
Mineral composition (Al, B, Ca, Cu, Fe, Mg, Mn, P, K, Na, and Zn) in digests was determined-by ICP
MS (Thermo X segs 200, INRA USRAVE laboratory, Villenave d'Ornon, France). All elements were
recovered (>95%) according to the standard values and standard deviation for replicates was <5%. All

element concentrations in plant parts are expressed in mg or g BWikg 100t Cu removal was
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calculated as follows: Cu (ug plait= Shoot DW yield (g plart) x shoot Cu concentration (ugtg
DW).

The soil pore water (SPW) was collected on day 14 of the phytotoxicity test in all potted soils (two
times 10mL) using Rhizon MONmoister samplers placed in March 2014 (Eijkelkamp Agrisearch
Equipment, The Netherlands) and samples kept at 4°C prior to their analysis. The pH, electrical
conductivity (EC), and Ct concentration in the SPW samples were determined using electrodes
(Hanra instruments, pH 210, combined electrode Ag/Ag3#, Tetracon 325 WTW, and Cupric ion
electrode, Fischer Bioblock, USA), respectively. Aluminum, B, Ca, Cu, Fe, Mg, Mn, P, K, Na, and Zn
were analyzed by IGBES (Varian Liberty 200, INRA USRAVE laboratgryillenave d'Ornon,
France).Dissolved organic carbon (DOC) was measured in SPW collected with Rhizon samplers.
Analyses were performed with a Shima@zT'OC 5000A carbon analyzer. The accuracy of the
instrument washecked by performing calibration withséandard reference soluti@i potassium
hydrogen phthalate (KHP) at a concentratiod@0 mg Carboh ™. Four repeated measurements of
DOC wereperformed for each SPW solution.

2.5 Statistical analysis

Influence of soil treatments on SPW parametdrisps DW yields and shoot ionome adivarf beas

were tested using oneay analysis of variance (ANOVAs). Normality and homoscedasticity of
residuals were met for all tests. When significant differences occurred between treatments, multiple
comparisons of man values were made using pbst Tukey HSD tests. Differences were considered
statistically significant at p<0.05. When element concentrations were below the detectioim lthréts

UNT soil, influence of soil treatments were not statistically testédcipal component analis(PCA)
wasconductedor total Cu, Cé" and DOC concentrations in SPW and shoot and root DW yields. Only
these parameters were chosen to respect the ratio of 1/6 between studied (5) and predictor (36) variables.
In a second PCASupplemental material)1Ca, P, Na and K were added to the first PCA to stiawv
influence of these variables on soil treatmeflisstatistical analyses were performed using R software

(version 3.0.3, Foundation for Statistical computing, Vienna, Ajstria
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Fig. 1. (A) DOM, (B) total Cu and (C) Guconcentration in the soil pore water samples;c6ataminated soil (Unt, white), amended with compost (C) or iron grit
(2); Cu-contaminated soil amended with plalgrived biochar (PB, grey) and anintirived biochar (AB, black), singly and in combination with compost (PBC and
ABC) or iron grit (PBZ and ABZ). Mean values per treatment (n=3 / n=6 for Unt, C and Z). Values with different lettesgtiifisantly (one way ANOVA, p
value <0.05).
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Table.3. Physicochemical parameters of soil pore waters

Treatments (US cm?) Nutrients (mg %)

pH EC Ca Fe K Mg Na P
Without biochar (n=6)
Unt 6.9+0.1e 1024 + 117 bc | 143+ 39 ab <0.02 14+5d 5+2cd 12+3c <0.2
C 7.1+0.09de | 1285+ 129 b 185+ 29a <0.02 35+ 8c 15+ 3b 23+2b 04+0.1
Z 7.0+0.2e 1063 + 208 bc | 144 + 40 ab <0.02 15+8d 5+1cd 13+5¢c <0.2
Animal derived biochar (n=3)
AB 7.5+ 0.2abc | 3450 + 6122 119+ 18 bc 0.07+0.03 | 633+171a |49+14a |125+25a |94
ABC 7.5+ 0.1abc | 3720 + 322 132+ 12 abc | 0.1 +0.03 938+ 177a | 49*7a 183 £ 45a 11+£0.6
ABZ 7.7 £0.1a 4733 + 44(a 96 + 16 bcd 0.08+0.07 | 719 + 144a 47 + 14a 117 £ 25a 5+4
Plant derived biochar (n=3)
PB 7.3+0.08d |483+51d 50+5d <0.02 43 + 11bc 3+0.3d 13+2c 0.3+0.05
PBC 7.4+ 0.0lbc 754 £ 115 ¢ 74+ 7 cd <0.02 71+ 11b 8+2hbc 20+ 5bc 0.6+0.2
PBZ 7.6+0.05ab | 477+110d 46 £+ 20d <0.02 53 + 16bc 3+1d 17+ 6 bc <0.2
Common values in sandy soil
(unpublished data) - - 143 + 66 0.05+0.01 | 27+ 44 21+11 63+ 12 +2

Mean value £ SD for each treatment. Values with different letters differ significantly (one way AN@i#e g005). Mean values followed by letters in bold are significantly higher

as compared to the Unt soil.
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3.1 Soil pore water
3.1.1.pH, EC and DOM (Table3, Fig. 1A)

The SPW pH of the Unt soil was neutibth biochars significantly increased the\8 pH. Combining

Z with either AB or PB resulted in the highest SPW pH vallies. SPW EC significantly increased in
all AB-amended soildn the 3450 (AB) +4733 (ABZ) range (US ci) ascompared to the Unt soil
Conversely, th&PW ECsignificantly decrasedn all PB-amended soils, with lowest values in the PB
andPBZ soils The DOM values significantly peaked in the ABC and ABZ soils, i.e. (Mpl11 +

75 (ABC) and 73 + 32 (ABZ2), relative to the Unt s@ifl(+ 10) while theDOM concentration decrease
in the Z and®BZ soilsalbeit not significantly(i.e. 10 £ 2 and 14 * 2, respectively)

3.1.2.Total Cu and Ctfconcentrations in the soil pore watdfig. 1. B and C)

Total Cu concentration in the SPW was 4 to 10 folds higher iraBnded soilsalone and in
combination with either C or Z, than in the Unt soil (261 + 30ug L ™*). Conversely, adding PB into

the Unt soil did not change total Cu concentration in the SPW (336ugj BY). The Z additionalone

and in combination with PB, however resulted in the lowest SPW Cu concentration (i.e. 86 £ 50 and 29

+ 22ug L respectiely).

Compost and biocharaloneand in combination, significantly reduced ®8BWCU?* concentrationlt
ranged (ug 'Y from 15 + 5(Unt) t0 0.05 + 0.01(ABZ), in the decreasing order (% as compared to
8QW 8QW ¢ < &- * 3% * 3%-<89%) = PBCH c $% c $N&

* $% 97%)(Fig. 1C). Combining either compost or iron grit with biochars was as efficient as
biochar alone to reduce the SPWfQuoncentration

3.1.3.Nutrient concentrations in the soil pore watéable 3)

The compost addition significantly increased the K, Mg, Na and P concentrations in the SPW. The Z
addition did not change the nutrient concentrations in the SPW. The SPW K concentration was
promoted in all PBamended soils. The SPW Ca, K, Mg, Na and Rentrations significantly increased

in all AB-amended soils.
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Fig. 2. (A) Root and (B) shoot DW yields of dwarf bean (in g DW phaatter the 15day growth period. Geontaminated soil (Unt, white), amended with compost
(C) or iron grit (2); Cucontaninated soil amended with pladerived biochar (PB, grey) and anintirived biochar (AB, black), alone and in combination with
compost (PBC and ABC) or iron grit (PBZ and ABZ). The dotted lines represent common values of root and shoot DW yieldsbehdsvaultivated in an
uncontaminated sandy soil (Marchand et al., 2015). Mean values per treatment (n=3 / n=6 for Unt, C and Z). Valuesanitretté#ferdiffer significantly (one way
ANOVA, p-value <0.05).
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Table.4. Shootionome and shoot Cu removal of dwarf beans

Treatment Copper Shoot nutrient concentrations (g kgt

Shoot Cu Shoot Cu

concentration removal

(mg kg* DW) (ug plant?) Ca Fe K Mg Na P
Without biochar (n=6)
Unt 37+3ab 39+04ab|13+4bc|0.12+0.04ab [ 19+3c 16+02c 0.26+0.1b 3.8+£0.7c
C 44+ 3 a 38+t16ab |23+2a [0.11+0.01ab [44+7b 3.3+x0.7a 0.36+0.1ab 44+1c
Z 38+t2ab 43+1.3ab|20+5abf 0.11+0.03ab [24+5¢c 1.9+0.2bc 0.33+0.2b 3.5+0.6c
Animal-derived biochar (n=3)
AB 37+3ab 31+£05bc 7+1cd [0.12+0.04ab | 116+6a | 3.0+£0.1a 0.72+0.3a 8.4+ 0.6a
ABC 37+6ab 3.2+2hc 8+1cd | 0.19+0.06a 114+4a |3.1+0.4a 0.66 + 0.2a 8.4+0.8a
ABZ 30+4b 1.6+0.7c 3+x2d 0.20+0.1a 110+5a | 2.0+0.6 bc 0.68 + 0.01a 6.7 £ 2ab
Plant-derived biochar (n=3)
PB 44+5a 48+0.2ab|10+1cd| 0.09+0.02b 25+4c 1.7+0.1¢c 0.26+0.09b 44+02c
PBC 49+10a 54+01a |17+1ab|0.13+0.04ab |52+ 7b 2.8+ 0.3ab 0.45+0.02ab | 5.0+0.2bc
PBZ 37t4ab 50+£0.7a | 17+3ab| 0.11+0.02ab |53+b 2.1+£0.2ab 0.32+0.09b 3.7+08¢c
Common values * 3 20 - 1 +50 0.02 0.3 20 150 1.5 3.5 - 1.6 +6.0
Common values in
dwarf beans *x 6.2+0.7 - 11 £21 0.143 19 £32 2.5 +3 - 4.8 +5.7

Mean value = SD for each treatment. Values with different letters differ significantly (one way AN@l4e g0.05). Mean values followed by letters in bold are significantlighigh
as compared to the Unt soil(FremelSchaub and Fei2005) **(Negim et al., 2012, Bes and Mench, 2008)
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3.2 Phytotoxicity assessment
3.2.1 Plant growth parameterd=(g. 2. A and B)

The root DW yield was significantly reduced for the AB aoig dant?) from 27 + 5 to15 + 5 The

ABC and ABZ soils led to the lowest root production. Root DW yield was unchanged in other amended
soils. The shoot DW vyield was significantly decreased for the ABC and ABZ soils, whereas other
treatments had insignificamhpact

3.2.2 Shoot ionome (Tabke Fig. 2B)

Shoot Cu concentration of dwarf beans varied between 30 (ABZ) and 49 1ig&G), but its mean
values for alamended soils did not differ from that of the Unt plants. Shoot Cu concentration was
significartly lower for the ABZ plants relative to the C, PB and PBC plants. The shoot Cu removal
ranged (ug plant) from 1.6 (ABZ) to 5 (PB, PBC and PBZ). Shoot Cu removals increased for the PB,
PBC and C treatmentalbeit not significantly remained unchanged fahe AB, ABC and PBZ
treatments, but significantly decreased for the ABC one as compared to the Unt plants, mainly due the
lower shoot biomass. The C addition significantly increased the shoot Ca, K and Mg concentrations
(i.e. 23, 44 an@ g kg, respectiely). The Z addition did not significantly influence the shoot nutrient
concentrations. The SPW nutrient concentrations were enhanced in taméiled soils (Table 3)
whereas shoot DW vyields decreased for these treatments. Consequently, shoot K, Ra, and
concentrations significantly increased for the AB, ABC and ABZ plants, except shoot Ca concentration
of the ABZ plants which was reduced (TableS@ipplemental material) 1For the PBamended soils,

only shoot K concentration was significantly promotedhe PBC and PBZ plants, up to 52 dYas
compared to both the Unt and PB plants.

3.2.3.PCA on the SPW composition gpldnt growth parameters (Fig. 3)

The X canonical weights of the Principal Component Analysis (PCA) accounting for total Can@u

DOM concentrations in the SPW and the shoot and root DW yields explained 80% of the total variance.
The first axis (54%) was characterized by SPW Cu and DOM concentrations and the biomass
production. The second axis (26%) was driven by SPW &w DOM cmcentrations. The first axis
opposed all ABamended soils, with high SPW DOM and Cu concentrations, low root and shoot DW
yields and low SPW Cticoncentration, to all other treatments. The second axis opposed the Unt soil,
with high SPW Cé&' concentratiorand low SPW DOM concentration, to other soils, and notably the
PBC and PBZ soils.
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Fig. 3. Principal Component Analysis (PCA) on total Cu2Gand DOM concentrations in the soil pore
water and shoot and root DW yield of dwarf beans.

'LVFEXVVLRQ

Besides their abilityo supply a range of agronomic benefits mdontribute to carbon sequestration
biochars usedas soil amendment have attracted much intet@sstabilize metals, e.g. Cu, in
contaminated soils. Here, decreased SPW €ncentrationsfter soil amendment were associated

with increased soil pH and SPW P and DOM concentrations and decreased SPW Ca concentrations

(Table 3/Fig. 1). Influence of these parameters is successively discussed.
Soil pH

Biochar incorporationinto Cucontaminatedsoils can increase soil pH and extractable Cu
concentrations (Yang et al., 2016). Hexd, raised in all biochaamended soils, ABZ and PBZ causing
the highest increase (Tal8g Increase in SPW pH may (1) result in?Chydrolysis to formrCu(OH)

and pecipitate Cu as hydroxides (Cu(QHdhus decreasin§PW Cd* concentrationgBakshi et al.,
2014),and (2) increase biochar negativelyarged surface area, resulting in greater Cu affinity to
biochar surface. Based onray absorption fine structure spescopy (XAFS), Cti sorption onto

biochar is pH dependent (Ippolito et al., 2012; Ahmad et al., 2014). Biochars contain various active
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functional groups, e.g. carboxyls, phenols, hydroxyls, carbonyls, and quinines, which can form inner

sphere complexasgith CL?*, resulting in decreased SPWZCooncentrations (Bakshi et al., 2014).
Phosphates and carbonates

Precipitation with phosphates and carbonates may contribute to decrease BR@h&ntrations in

the soils amended by the compost, biochars agid ¢bmbination ig. 1). The AB biochar contains
higher Ca and P concentrations than the PB biochar and compost (Table 2). Albeit not statistically tested
due to some values below the detection limit,3F&V P concentration slightly increased in the B, P
and PBC soils, but highly increased in all/ABiended soils (Table 3). SPW Ca concentration decreased
in all PBbased treatmentdncrease in SPW P concentration opposed to reduced SPW Cu
concentrations which suggestec?Geaction with phosphates espected by Rajapaksha et al., (2015)
(Table3, Fig. 1C, Supplemental materia) 1Phosphate and carbon&ia complexes may also sorb on

the surface of biochaandFe and Al oxyhydroxides(Ahmad et al., 2014)Jn the PBamended sails,
decrease irBSPW Ca oncentration (Table 3) may reflect retention of?Con biochar surface via
complexation and surface precipitation witi?Q&hintala et al., 2014; Bakshi et al., 2014). Decrease
of SPW C@' concentrations was expected in the ABZ and PBZ soils as commasiugle biochar
addition to mirror the potential sorption of free?dons or phosphate and carbon@ie complexes on
Fe/Mn oxyhydroxides (Bes and Mench, 2008; Kumpiene et al., 2011; Tiberg et al., 2015), but this
trend was not strong enough to bengfigant (Fig. 1C).

Organic compounds

Generally, biochars pyrolyzed under 500°C have high DOC content (Ahmad et al.,Ax¥bt)jations
between Cu and DOC were reported (Bernal et al., 208igh DOC content could facilitate the
formation of soluble Cuamplexes with dissolved organic compounds (Beesley et al., 2010; Park et al.,
2011; Karami et al., 2011). Reaction of SPW DOM with Cu may modify Cu solubility, chemical
species, and resupply from soil bearing phases (Ashworth and Alloway, 280@b et b, 2014).
Here, AB addition gyrolyzed at 420°Cinto the untreated soil promoted the SPW DOM concentration
and, likely due to subsequent Cu complexation, reduced the SPWc@hcentration Kig. 3,
Supplemental material)2The combination of compost atbchar canpromote both soluble and
insoluble Cu complexes with organic compoundslucing free Cii concentration but increasing total
Cu concentration in the SPWi(. 1 and 3).Competition can however occur between DOM and'Cu
for retention on biodr surfaces (Beesley et al.,, 2014). The DOM can block the biochar pores
preventing Cu sorption (Bolan et al., 2010; Cao et al., 2011). In the AB soil, SPW DOM concentration
is 4 and 3 times higher than in the Unt and PB soils, respectiviglyl(p). For he same pyrolysis
temperature, kgnin-rich biomass (i.e. pine bark chips) will release less DOM than a biomass with low
contents of phenolic and lignin materials (e.g. 5.9% in pouftapure) (Uchimiya et al., 201L3n
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addition,compost amendment mayrstilate the degradation of more recalcitrant biochar fractions in
the PBC and ABC soils. In these treatmefulyjic acids might bind Cu and increase its mobility from
the soil solid phase to the soil pore wataut here this potential effect was not sgeenough to be
significant in the three @mended soilsHig. 1B).

lonic strength and other elements

The AB biochar contains nutrients (i.e. K, Mg, Na, and P, Table 2), and SPW K, Mg, Na and P
concentrations peaked in all ABnended soils. These concatitns are 23, 2 and 1.8 fold higher in

the AB soil than in an uncontaminated sandy soil (Table 3). They are atbargiated to SPW Cu (R

0.86, 0.85, 0.89 and 0.92, respectively, Table 3). High nutrient concentrations, notably for Na, can break
up sadl aggregates, increase bulk density making the soil more compact and decrease total porosity,
thereby hampering soil aeration (Tavakkoli et al., 2010; Kargar et al., 2015). In the AB soil, potential
dispersion of soil aggregates may release DOMcomplers, increase SPW Cu concentration and
promote Cu leaching out of the root zone.

Plants

Frequently, biochar addition into @ontaminated soils, alone and in combination with compost, can
increase plant yields and reduce shoot Cu concentration (Beedleyei d). Forestryesidue biochar
was able to sorb Cu and decrease phytotoxicity for quidbar(opodium quino@/illd.) in a sandy Cu
spiked soil (Buss et al., 2012). Strong Cu binding to biochar reduces its bioavailability for maize
(Namgay et al., 20)0Here, root and shoot DW yields of the dwarf beans grown in the Unt soil were
2 fold lower than their values in an uncontaminated sandy soil, i.e. 52 + 19 and 186 + 25 mg DW plant
1 using the same plant testing (Marchand et al., R0idne of the testetreatments has enabled the
dwarf beans to reach these valugig(2). The lack of beneficial effect of PB biochar on bean growth
(Fig. 2) agreed with several previous studies: the biomass producdtasgica juncea.. was
unchanged in a Cu mine soil anded with different percentages of compost and biochar mixture
(RodriguezVila et al., 2014).Biochar, compost and their combination did not influence biomass
production of cover crop plants in a-€antaminated vineyard (Mackie et al., 2015). Negatifecef
of biochar on planyield as for the AB biochar is less frequehig( 2). Nutrient deficiencies (i.e. Ca,
Fe, K, Mg, and P) can be ruled out as their concentrations in bean shoots were for all treatments within
the ranges of common valuébremelSchaub and Feix, 2005, Tabi. Several hypotheses might
explain the reduced bean growth in all ABiended soils: (1) higher exposure to PAH and volatile
organic compounds (VOC, e.g. low molecular weight, organic acids, alcohols, ketones and phenols,
Buss efal., 2015),(2) higher salinity and (3) higher SPW Cu concentration. Total PAH concentration
was 5 and 25 fold higher in the AB and PB biochars than the threshold value defined by the European
Biochar Certificate V4.8 (European Biochar, 2015, Tabléd®yveverPAH concentration was 5 fold
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higher in thePB biochar than in the AB one, wherdmsmnbiomass was lower for the AB soli@. 2).

The ceoccurrence of VOCs able to cause a phytotoxicity must be ass&seddt al., 2015)The

SPW EC values in alAB-amended soil§i.e. 3450 + 612 pS ci Table 3)exceeded the range for
saline soils (i.e. 2200 uS clhmMendez and Maier, 20080th Na and Cl concentrations peaked in the

AB biochar, and K and Ca in a lesser extent (Tabl&&ljnity can limit plangrowth rate, crop yield,

plant vigor and seed germination (Munns and Tester, 2008) as its excess induces water stress, nutritional
disorders (e.g. [K+])/[Na+] ratio), and ion toxicity, and most bean cultivars arsesaditive crops
(Assimakopoulou et gl2015). The SPW Cu concentration increased in the PBC andWBnded soils

(Fig. 1), whereas these soil amendments reduced the SPW¢@centration potentially available for

root uptake. Unexpectedly, shoot Cu concentratiomsvafif beangmg kg?) were statistically similar

in all treatments, ranging from 30 + 4 (ABZ) to 49 + 10 (PBC) (Table 4). They exceeded common
values in plants (320 mg kg, TremetSchaub and Feix, 2005), notably primary leaves of dwarf beans
(5.7- 7.0mg kg?, Mench et al. 196) and were slightly above theper critical foliar Cu concentration

for dwarf beans (180 mg Cu kd', MacNicol and Beckett, 1985$hoot Cu concentrations between

40 and 60 mg Cu kbreduce shoot growth, inhibit leaf expansion and increase lipid peroxidation of
dwarf beans (Cuypers et al., 2000ptal Cu concentration in the SPW was 4 to 10 fold éigh the
AB-amended soils, alone and in combination with either C or Z, than in the Unt soil. In these treatments,
soluble Cu was likely bound to DOM as theCuoncentrations were the lowesfid. 1). High
molecular weight DOMCu complexes are not easilptake by plant roots (Pandey et al., 2000), but
low molecular weight (LMW) ligands (less than 1 kDa) such as organic acids could increase the Cu
phytoavailability (Inaba and Takenaka, 2005). Copper content in lettuce sprouts, roots and leaves
increasesvith DOM fractions <1 kDa, resulting in short roots and causing high phytotoxicity (Wang et
al., 2010). Potential contributions of LMW DOM fractions in the soil pore water to phytotoxicity

experienced by bean plants on-ABiended soils need further invgstions.

Using biochar, compost and iron grit to reclaim the-€ntaminated soil from this wood preservation

site

The AB biochar, alone or in combination with C oriZ,not suitable to decrease Cu solubility and
phytotoxicity. It decreased SPW €gonceentration but increased SPW Cu and Na concentrations and
EC, resulting in a lower plant growth. One recommendation may be to wash the AB biochar to remove
salt and DOM fraction in excess before its use. Pyrolyzing the poultry manures at higher temperatures
is a second option. This may reduce DOM fraction and increase the biochar absorptivity to Cu and
several ionic nutrients. Increase in pyrolysis temperature from 450 teC586creased DOC
concentration by more than one order of magnit{ushimiya et al.,2013. The PB biochar highly
decreased SPW Eticoncentration, potentially reducing root exposure to Cu. Howewd itot have

much effect orCu solubility since total Cu concentration in the SPW remained similar to its value in
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the Unt soil.Such Cu complexes may be leached from the root zdree addition of Z with PB helped

to decrease the SPW Cu concentration while reducing the gap bdiememoot and shoot yields
produced on the PBZmended soili.e. 34 and 136 mg plahtand their common valug¢barchand et

al., 2015;Fig. 2). Cationic metal species such ag'Gur DOM-Cu complex have high affinity for Fe
oxides and can sorb on the newly formed Fe and Mrhgelyoxides provided by Z addition (Kumpiene
et al., 2008; Korérek et al., 2013)Howeverthe costs associated with such option using Fe(0) are
relatively high and the additional reduction in SPWQ@oncentration was not significariig. 1). The
HVWLPDWHG FRVWYV ZRCeedhedts #sing Fe(0y4HahBuer et al., 2011) and 3000
Y4 Kvilhen a cheaper Fe material (steelwork cheroot) is iamddreket al., 2013). In situ remediation
option using stabilized nanoparticles yrlae a promising option (Liu et al., 2015). The economic
feasibility of in situ stabilization with Fe(0) is influencing its implementation at lapgde. However,

the culture of fasgjrowing plant biomass for the beconomyon such contaminated site cdydrovide
additional economical value (Vangronsveld et al., 20863ling compost in combination with biochar
slightly increased nutrient supply, but it did not promote plant grokith 2), outlining the need to pay

attention on the compost type andifezation.

&RQFOXVLRQ

The incorporation of AB and PB biochars, alone and in combination with either compost or iron grit
into the Cucontaminated soil has the potential to reduce free Cu ions in the soil pore water. This positive
effect was mainly atiiouted to Cu reaction with DOM after the biochar and compost amendments. The
newly formed Fe/Mn (hydr)oxides after iron grit corroded did not bring an additional reduction of the
SPW C@"* concentration in this sheterm period Even though the pyrolysiemperature was similar,

the lignin-rich PB biochar (derived from pine bark chips) released less DOM than the-pigmin
biochar (derived from poultry manure). Total Cu concentration in the soil pore water peaked for the
AB-amended soils, due to its higtOM concentration, which may explain decreased root and shoot
DW vyields of dwarf beans and promote Cu leaching from the root zone. High EC values and Na and ClI
concentrations in the soil pore water of the-ARended soils may contribute to impact the plant
growth. Compost combined with the AB biochar resulted in the lowest shoot DW yield. Dwarf bean
biomass did not change in the aBiended soils as compared to the untreated Fhd. PBZ
combination slightly enabled to reduce t88®W Cu concentration relagivio PB alone, but the
additional Z cost can impair this optioho better assess PB and PBZ as soil amendmenigar pot
experiment was carried out wirundo donax.. andPopulus nigra.. before to implement field plots.

Data on plant biomasses amavironmentabioavailability of soil Cu are pending

$FNQRZOHGJHPHQWYV

This work was supported by ADEME (French Agency for the Environment and Energy) (PhD grant of

N. Oustriere) and the French National Research Agency (ANR C2ii, program PHYTOCHEM). The
87



UMR Biogeco is a member of the INRA Ecotoxicologist network, ECOBOX the ERANet FACCE
SURPLUS (INTENSE projectntensify production, transform biomags energy andevel goods and
protect soils irEurope http://faccesurplus.org/reseasplojects/iiense).

SHIHUHQFHYV

Ahmad, M., Rajapaksha, A.U., Lim, J.E., Zhang, M., Bolan, N., Mohan, D., Vithanage, M., Lee, S.S.,
Ok, Y.S., 2014. Biochar as a sorbent for contaminant management in soil and water: A review.
Chemosphere. 99, 133. doi:10.1016/j.chmosphere.2013.10.071

Ashworth, D.J., Alloway, B.J., 2007. Complexation of copper by sewage stlatyeed dissolved
organic matter: effects on soil sorption behaviour and plant upté&eer Air Soil Pollut. 182, 18%
196. doi:10.1007/s1127006-9331-7

Assimakopoulou, A., Salmas, |., Nifakds,, Kalogeropoulos, P., 201&ffect of salt stress on three
green bean Rhaseolus vulgarisL.) cultivars. Not. Bot. Horti. Agrobo. 43(1), 11818.
doi:10.15835/nbha4319905

Baize, D., 1997. Un Point sur les teneurslést@n éléments traces métalliques dans les sols. First ed.
Paris, France: INRA Editions.

Baize, D., 2000. Guide des analyses en pédologie. Second ed. Paris; P&k d&ditions.

Bakshi, S., He, Z.L., Harris, W.G., 2014. Biochar amendment affects hegpbiential of copper and
nutrient release behavior in contaminated sandy sadils.Environ. Qual. 43, 1894902.
doi:10.2134/jeq2014.05.0213.

Beesley, L., Morendimenez, E., GomeEyles, J.L., 201CEffects of biochar and greenwaste compost
amendmentsromobility, bioavailability and toxicity of inorganic and organic contaminants in a-multi
element polluted soil. Environ. Pollut. 158, 228287. doi:10.1016/j.envpol.2010.02.003

Beesley, L., Marmiroli, M., 2011. The immobilisation and retention of solatdenic, cadmium and
zinc by biochar. Environ. Pollut. 159, 4#80. doi:10.1016/j.envpol.2010.10.016

Beesley, L., Morendiménez, E., GomeRyles, J.L., Harris, E., Robinson, B., Sizmur, T., 2011. A
UHYLHZ RI ELRFKDUVY SRWH @VWgdaton aRddddtoraflovbikebintbntiratddxsoib.W L R Q
Environ. Pollut. 159, 3268282. doi:10.1016/j.envpol.2011.07.023

Beesley, L., Inneh, O.S., Norton, G.J., Morelmenez, E., Pardo, T., Clemente, R., Dawson, J.J.C.,
2014. Assessing the influence of camapand biochar amendments on the mobility and toxicity of
metals and arsenic in a naturally contaminated mine d$fmliron. Pollut. 186, 19%202.
doi:10.1016/j.envpol.2013.11.026

Bernal, MP., Clemente, R., Walker, DJ., 2009. Interactions of heavy métialsoil organic matter in

relation to phytoremediation. In: Phytoremediation: the Green Salvation of the World. Research
SignpostKerala, India: Navarr@\vifio, J.P., 104.29.

88



Bes, C., Mench, M., 200&emediation of copperontaminated topsoils from aoed treatment facility
using in situ stabilization, EnviroRollut.156, 11281138. doi:10.1016/j.envpol.2008.04.006

Bes, C., Mench, M., Aulen, M., Gaste, H., Taberly, J., 28patial variation of plant communities and
shoot Cu concentrations of planpegies at a timber treatment site. Plant Soil. 330, 2&07.
doi:10.1007/s11106609-01984

Bes, C., Jaunatre, R., Mench, M., 20%8ed bank of Gaontaminated topsoils at a wood preservation
site: impacts of copper and compost on seed germination. EnMi@mt. Assess. 185, 2032053.
doi:10.1007/s1066012-2686-x

Boisson, J., Mench, M., Sapgidier, V., Solda, P., Vangronsveld, J., 1998. Shemn in situ
immobilization of Cd and Ni by beringite and steel shots application to-tkmng sludged plots.
Agronomie. 18, 34#359. doi:10.1051/agro:19980502

Bolan, N.S., Adriano, D., Senesi, N., Kunhikrishnan, A., James, T., McDowell, R., 2010. Dissolved
organic carbon: biogeochemistry, dynamics and-agraronmental significance in soils. Adv. Agron.
110, 167.

Bolan, N.S, Kunhikrishnan, A., Thangarajana, R., Kumpiene, J., Parke, J., Makino, T., Kirkham, M.B.,
Scheckel, K., 2014. Remediation of heavy metallomhtaminated soils+ To mobilize or to
immobilize?J. Hazard. Mater. 266, 14166. doi:10.1016/j.jazmat.2013.12.018

Borchard, N., Prost, K., Kautz, T., Moeller, A., Siemens, J., 28@éhtion of copper (II) and sulphate
to different biochars before and after composting with farmyard manure. Eur. J. Soil Sci. 83899
doi:10.1111/j.136%389.2012.0446.x

Buss, W., Kammann, C., Koyro, H.W., 2012. Biochar reduces copper toxi€itygnopodium quinoa
Willd. in a sandy soild. Environ. Qual. 41, 1158165.d0i:10.2134/jeq2011.0022

%XVV ODAHN 2 *UDKDP Bherent\oMyanit compmds in biochar Their
content, composition and potential toxic effects. Environ. Manag. 156, 15057.
doi:10.1016/j.jenvman.2015.03.035

Cao, X., Ma, L., Liang, Y., Gao, B., Harris, W., 208imultaneous immobilization of lead and atrazine
in contamingd soils using dairfgnanure biochar. Environ. Sci. Technol. 45, 488B89.
doi:10.1021/es103752u

Chintala, R., Schumacher, T.E., McDonald, L.M., Clay, D.E., Malo, D.D., Papiernik, S.K., Clay, S.A,
Julson, J.L., 2014. Phosphorus sorption and availalfilitsn biochars and soil/biochar mixtures.
CLEAN: Sail, Air. Water. 42, 628634. doi:10.1002/clen.201300089

Cundy, A., Bardos, P., Puschenreiter, M., Witters, N., Mench, M., Bert, V.,-Fas] W., Muller, 1.,
Weyens, N., Vangronsveld, J., 2015. Develgpéffective decision support for the application of

S JHQWOH" UHPHGLDWLRQ RSWLRQV 7KH *5((1/$1' S#IRMHFW
doi:10.1002/rem.21435

89



Cuypers, A., Vangronsveld, J., Clijsters, H., 2000. Biphasic effect of copper on the ascorbate
glutathione pathway in primary leavesRifaseolus vulgariseedlings during the early stages of metal
assimilation. Physiol. Plant. 110, 5817.d0i:10.1111/j.13998054.2000.1100413.x

European BiocharAvailable online athttp://www.europeaibiochar.org/en/ebibi (verified on
October 16, 2016)

GomezEyles, J.L., Sizmur, T., Collins, C.D., Hodson, M.E., 2011. Effects of biochar and the
earthwormEisenia fetidaon the bioavailability of polycyati aromatic hydrocarbons and potentially
toxic elementsEnviron. Pollut. 159, 616622. doi:10.1016/j.envpol.2010.09.037

Hale, B., Evans, L., Lambert, R., 20Effects of cement or lime on Cd, Co, Cu, Ni, Pb, Sb and Zn
mobility in field-contaminated and ad soils. J. Hazard. Mater. 190, 119427.
doi:10.1016/j.jhazmat.2011.10.065.

Hanauer, T., FelbHenningsen, P., Steffens, D., Kalandadze, B., Navrozashvili, L., Urushadze, T.,
2011. In situ stabilization of metals (Cu, Cd, and Zn) in contaminatedisdhie region of Bolnisi,
Georgia. Plant Soil. 341, 19208.d0i:10.1007/s111041006345

Hattab, N., MotelicaHeino, M., Bourrat, X., Mench, M., 2014. Mobility and phytoavailability of Cu,
Cr, Zn, and As in a contaminated soil at a wood preservatian afier 4 years of aided
phytostabilisationEnviron. Sci. Pollut. Res. 21, 10380319.doi:10.1007/s1135614-29380

Hego, E., Bes, C., Bedon, F., Palagi, P.M., Chaumeil, P., Barré, A., Claveral, S., Dupuy, J.W., Bonneu,
M., Lalanne, C., Plomion, C., Meh, M., 2015 Differential accumulation of soluble proteins in roots

of metallicolous and nonmetallicolous populationg\gfostis capillarisL. exposed to ClProteomics.

14(15), 17464.758. doi:10.1002/pmic.201300168

Inaba, S, Takenaka, C., 2005. Effectsdissolved organic matter on toxicity and bioavailability for
lettuce sprouts€=nviron. Int 31(4), 603608.d0i:10.1016/j.envint.2004.10.017

INDIQUASOL. 2016. Indicator of soil quality data bas&lRA, Orleans. Available online at
http://acklins.orleans.inra.fr/geocindiquasol/index.pWerified on October 10 2016)

Ippolito, J.A., Strawn, D.G., Scheckel, K.G., Novak, J.M., Ahmedena, M., Niandou, M.A.S., 2012.
Macroscopic and moleca investigations of copper sorption by a stesstivated biochard. Environ.
Qual. 41, 15356.d0i:10.2134/jeq2011.0113

Karami, N., Clemente, R., Moresbmenez, E., Lepp, N.W., Beesley, L., 20Efficiency of green
waste compost and biochar soil ammetts for reducing lead and copper mobility and uptake to
ryegrass. J. Hazard. Mater. 191,81doi:10.1016/j.jhazmat.2011.04.025

Kargar, M., Clark, O.G., Hendershot, W.H., Jutras, P., Prasher, S.0., 2015. Immobilization of trace

metals in contaminated han soil amended with compost and biockéater Air Soil Pollut. 226, 191.
doi:10.1007/s1127+01524502

90


http://www.european-biochar.org/en/ebc-ibi
http://acklins.orleans.inra.fr/geoindiquasol/index.php

Karjalainen, A.M., KilptKoski, J., Vaisanen, A.O., Penttinen, S., Van Gestel, C.A.M., Penttinen, O.P.,
2009.Ecological risks of an old wood impreditan mill: application of the Triad approach. Integr.
Enviro. Assess. Manage. 5, 3889.d0i:10.1897/IEAM_200872.1

Kidd, P., Mench, M., Alvaretopez, V., Bert, V., Dimitriou, ., FriedHanl, W., Herzig, R., Janssen,
J.0., Kolbas, A., Mlller, I., Neg., Renella, G., Ruttens, A., Vangronsveld, J., Puschenreiter, M., 2015.
Agronomic practices for improving gentle remediation of trace elecmmtaminated soils. Int. J.
Phytorem. 17, 1008.037.d0i:10.1080/15226514.2014.1003788

Kolbas, A., Kidd, P., Guiperteau, J., Jaunatre, R., Herzig, R., Mench, M., 2015. Endophytic bacteria
take the challenge to improve Cu phytoextraction by sunfldgrmriron. Sci. Pollut. Res. Int. 7, 53#0
5382. doi:10.1007/s11388614-40061

Komarek, M., Vanek, A., Ettler, V., 201@hemical stabilization of metals and arsenic in contaminated
soils using oxidesA review. Environ. Pollut. 172, 22. doi:10.1016/j.envpol.2012.07.045

Kumpiene, J., Lagerkvist, A., Maurice, C., 20@®abilization of As, Cr, Cu, Pb and Zn in soil using
amendmentstA review. Waste. Manage. 28, 2£25.d0i:10.1016/j.wasman.2006.12.012

Kumpiene, J., Mench, M., Bes, C.M., Fitts, J.P., 2011. Assessment of aided phytostabilization of
coppercontaminated soil by Xay absorption spectroscopy and chemical ektras.Environ. Pollut.
159, 153641542.d0i:10.1016/j.envpol.2011.03.005

Lagomarsino, A., Mench, M., Marabottini, R., Pignataro, A., Grego, S., Renella, G., Stazi, S.R., 2011.
Copper distribution and hydrolase activities in a contaminated soil amendedolgmitic limestoe
and compost. EcotoEnviron. Saé. 74 (7), 20132019.

Lehmann, J., 2007. A handful of carbon. Natdeer, 143144. doi:10.1038/447143a

Liu, W., Tian, S., Zhao, X., Xie, W., Gong, Y., Zhao, D., 2015. Application of stabilized ndivtgsr
for in situ remediation of metalontaminated soil and groundwater: a critical review. Curr. Pollution.
Rep. 1, 28@&91. d0i10.1007/s40726150017x

Luo, F., Song, J., Xia, W., Dong, M., Chen, M., Soudek, P., 2014. Characterization of contaminants
and evaluation of the suitability for land application of maize and sludge bioEm&ison. Sci. Pollut.
Res. 21, 8708717.d0i:10.1007/s1135614-27978

Mackie, K.A., Marhan, S., Ditterich, F., Schmidt, H.P., Kandeler, E., ZDi& effects of biochaand
compost amendments on copper immobilization and soil microorganisms in a temperate vixggyard.
Ecosyst. Environ201, 5869.d0i:10.1016/j.agee.2014.12.001

MacNicol, R.D., Beckett, P.H.T., 1985. Critical tissue concentrations of potentially tlexiests.
Plant Soil. 85, 10#.29.

Marchand, L., Quintela Sabaris, C., Desjardins, D., Oustriére, N., Pesme, E., Butin, D., Wicart, G.,
Mench, M.,2015.Plant responses to a phytomanaged urban technosol contaminated by trace elements
and polycyclic aromatic hydrocarbons. Environ. Sci. Pollut. Res. 23(4), 31208135.
doi:10.1007/s113561549847

91



Mench, M., Coussin, F., Mocquot, B., Bussiére, S., Prunet, T., Lagriffoul, A., 1996. Evaluation des
apports d'un biotest végétal et de la spéciation des élémemrts arée mise au point d'une batterie de
tests d'écotoxicologie terrestre applicables aux sols et aux déchets. Final report no. 4930029, INRA,
Unité d’Agronomie, Bordeal& ADEME, Recherche, Milieux et Impact, Paris, France.

Mench, M., Bes, C., 2009Assessmet of ecotoxicity of topsoils from a wood treatment site.
Pedospherel9(2), 143155.d0i:10.1016/S1000160(09)60104L

Mench, M, Lepp., N., Bert, V., Schwitzguébel, J.P., Gawronski, S.W., Schrbder, P., Vangronsveld, J.,
2010. Successes and limitationgpbiytotechnologies at field scale: outcomes, assessment and outlook
from COST Action 859J. Soils Sediments. 16, 8#00. doi:10.1007/s1136810-0190x

Mendez, M.O., Maier, R.M., 2008Phytoremediation of mine tailings in temperate and arid
environments. Bv. Environ. Sci. Bio/Technol. 7, 489.d0i:10.1007/s1115D07-91254

Munns, R., 2008. Tester M. Mechanisms of salinity tolerance. Annu. Rev. Plant Biol. 588651
doi:10.1146/annurev.arplant.59.032607.092911

Namgay, T., Singh, B., Singh, B.P., 201fldence of biochar application to soil on the availability of
As, Cd, Cu, Pb, and Zn to maiZea mayd.. Aust. J. Soil Res. 48, 63847. doi:10.1071/SR10049

Oleszczuk, P., Josko, I., Kusmierz, M., 20BRichar properties regarding to contaminants cdraad
ecotoxicological assessment. J. Hazard. Mater. 26082780i:10.1016/j.jhazmat.2013.05.044

Pandey, A.K., Pandey, S.D., Misra, V., 2000. Stability constants of-matgic complexes and its role
in environmental detoxification. Ecotoxicol. Envird@af. 47, 195200.d0i:10.1006/eesa.2000.1947

Park, J.H., Choppala, G.K., Bolan, N.S., Chung, J.W., Chuasavathi, T., 2011. Biochar reduces the
bioavailability and phytotoxicity of heavy metals. Plant Soil. 348,#433.d0i:10.1007/s1110811-
0948y

Québec 2016. Land Protection and Rehabilitation Regulatid@nvironment Quality Act.
Gouvernement du QuébeAvailable online at:
http://www2.publicationsduguebec.gouv.gc.ca/dynamicSearch/telecharge.php?type=3&file=/Q_2/Q2
R37_A.htm(verified on October 1) 2016)

Qiu, H., Vijver, M.G., He, E., Peijnenburg, W.2013. Predicting copper toxicity to different
earthworm speci¥ XVLQJ D PXOWLFRPSRQHQW )UHXQGOLFK PRGHO (QY
doi:10.1021/es305240n.

Rajapaksha, A.U., Ahmad, M., Vithanage, M., Kim, K.R., Chang, J.Y., Lee, S.S., Ok, Y.S., 2015. The
role of biochar, natural iron oxides, and nanomatera soil amendments for immobilizing metals in

shooting range soil. Environ. Geochem. Health. 37,9982. doi:10.1007/s1065X1.59694z.

Ravet, K., Pilon, M., 2013. Copper and iron homeostasis in plants: the challenges of oxidative stress.
Antioxid. Redx. Signal. 19 (9), 919€32. doi:10.1089/ars.2012.5084.

92


http://www2.publicationsduquebec.gouv.qc.ca/dynamicSearch/telecharge.php?type=3&file=/Q_2/Q2R37_A.htm
http://www2.publicationsduquebec.gouv.qc.ca/dynamicSearch/telecharge.php?type=3&file=/Q_2/Q2R37_A.htm

RodriguezVila, A., Covelo, E.F., Forjan, R., Asensio, V., 2014. Phytoremediating a copper mine soil
with Brassica junceal., compost and biocharEnviron. Sci. Pollut. Res. 21, 112%3304.
doi:10.1M7/s11356014-29936

Rogovska, N., Laird, D., Cruse, R.M., Trabue, S., Heaton, E., 2012. Germination tests for assessing
biochar quality. J. Environ. Qual. 41, 101@22. doi:10.2134/jeq2011.0103

Ruttens, A., Mench, M., Colpaert, J.V., Boisson, J., Carld®, Vangronsveld, J., 2006.
Phytostabilization of a metal contaminated sandy soil. I: Influence of compost and/or inorganic metal
immobilizing soil amendments on phytotoxicity and plant availability of meaisiron. Pollut. 144,
524532 doi:10.1016.nvpol.2006.01.021

Schulz, H., Dunst, G., Glaser, B., 20P3sitive effects of composted biochar on plant growth and soil
fertility. Agron. Sust. Dev. 33, 818827. do0i:10.1007/s13593130150-0

Singh, B., Singh, B.P., Cowie, A.L., 2010. Characterisaiod evaluation of biochars for their
application as a soil amendment. Aust. J. Soil Res. 485256d0i:10.1071/SR10058

Sizmur, T., Wingate, J., Hutchings, T., Hodson, M.E., 2Qudnbricus terrestrid.. does not impact
on the remediation efficiency @ompost and biochar amendments. Pedobiologia. 54 Suppl., S211
S216. doi:10.1016/j.pedobi.2011.08.008

Tavakkoli, E., Rengasamy, P., McDonald, GZX010.High concentrations of Nand CFions in soll
solution have simultaneous detrimental effects on drafifaba bean under salinity stressExp. Bot.
61(15), 44494459. doi:10.1093/jxb/erg251

Thaler, N., Humar, M., 2014. Copper leaching from coggtbanolamine treated wood: Comparison of
field test studies and laboratory standard procedures. BioRddalrc i

Tiberg, C., Kumpiene, J., Gustafsson, J.P., Marsz, A., Persson, |., Mench, M., Kleja, D.B., 2016.
Immobilization of Cu and As in two contaminated soils with zerovalent #ioong-term performance
and mechanism#&ppl. Geochem. 67, 14452. doi:10.1016/j.apgeochem.2016.02.009

TremelSchaub, A., Feix, |., 200&ontamination des Solg ransferts des Sols vers les Plantes, Agence
de I'Environnement et de la Maitrise de I'Energiegers, and EDP Sciences, Les Ulis.

Uchimiya, M., Ohno, T. He, Z., 2013Pyrolysis temperaturgependent release of dissolved organic
carbon from plant, manure, and biorefinery wastes. J. Anal. Appl. Pyrol. 1044.84
doi:10.1016/j.jaap.2013.09.003

Vangronsveld, J., Herzig, R., Weyens, N., Boulet, J., Adriaet&eRuttens, A., Thewys, T., Vassilev,

A., Meers, E., Nehnevajova, E., Van der Lelie, D., Mench, M., 2009. Phytoremediation of contaminated
soils and groundwater: lessons from the fi@dviron. Sci. Pollut. Res. 16, 7@84. doi:10.1007/
s$11356009-0213-6

Villanneau, E., Perngiraud, C., Saby, N., Jolivet, C., Marot, F., Maton, D., FBeahneaud, A.,
$OQWRQL 9 SUURXD\V 'PWHFWLRQ GH YDOHXUV DQRPDOL
OHV VROV j OfDLGH GX 5pV Hi&sSoBEudeHMGestibh @bl SQD1%3(X) HB0. W p

93



Wang,X., Chen, X, Liu, S., Ge, X., 201&ffect of molecular weight of dissolved organic matter on
toxicity and bioavailability of copper to lettuck.EnvironSci. 22(12), 1968.965.d0i:10.1016/S100
0742(09)6034&

Yang, X., Liu, J., McGrouther, K., Ye, Z., Huang, H., Lu, K., Guo, X., He, L., Lin, X., Che, L., Ye, Z.,
Wang H., 2016. Effect of biochar on the extractability of heavy metals (Cd, Cu, Pb, and Zn) and enzyme
activity in soil. Environ. Sci Pollut. Res. 23(2), 978984.d0i:10.1007/s113561542330

Zhang, X., Wang, H., He, L., Lu, K., Sarmah, A, Li, J., Bolan, N.S., Pei. J., Huang, H.,\Z4§.

biochar for remediation of soils contaminated with heavy metals and organic poll&tawiten. Sci.
Pollut. Res. 20, 8478483. doi:10.1007/s113561316590

94



L'
o
3
=
a5 T
E
- v
=
'T -
I [] [] 1 1] 1] []
-1.5 -1 1.5 0 0.5 1 1.5
Dim 1 {579%%)
AT
-
=
=
=y
Eao
]
i‘:«l -
-'T i [] [] [
=5 LH] 5 10
Dim 1 {57%)

Fig. Supplemental material 1. Principal Component Analysis (PCA) on total GuQa,1P, Na, K and
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Part. 2. Biomass production with (essential) metal(loid)
concentrations within the common ranges usable by local biomass
processing chains.

2.1. Risk assessment

2.1.1. Chapter 2 - Wood derived -biochar combined with either compost or iron
grit f or in situ stabilization of Cd, Pb and Zn in a contaminated soil
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W ood derived -biochar combined with either compost or
iron grit  for in situ stabilization of Cd, Pb and Zn ina
contaminated soll

Nadege Oustrierg Lilian Marchand, Gabriel Rosettg Wolfgang FriesHanP, Michel
Mencht

!BIOGECO, INRA, UNB®RDEAUX, 33615 PESS-RANCE.

E-mails: oustriere.nadege @gmail.comarchand.lilian@gmail.cormench@bordeaux.inra.fr

2ENERGY DEPARTMENIT AAUSTRIAN INSTIEWF TECHNOLOGY GMEMNRADORENZ
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E-mails:Wolfgang.FriesHanl@ait.ac.at

Abstract

In situ stabilization ofCd, Pb and Zn in an Austrian agricultural soil contaminated by atmospheric
depositions from a smelter plamas assessed with a pine bahip-derived biochar, alone and in
combination with either compost or iron grit. Biochar amendment was also trialed in an uncontaminated
soil to detect any detrimental effedihe pot experiment consisted in 10 soil treatments (% w/w):
untreated contaminatesoil (Unt); Unt soil amended with biochar alone (1%: B1; 2.5%: B2.5) and in
combination: B1 and B2.5 + 5% compost (B1C and B2.5C), B1 and B2.5 + 1% iron grit (B1Z and
B2.5Z); uncontaminated soil (Ctrl); Ctrl soil amended with 1% or 2.5% biochar (C@@BIB2.5).

After a 3month reaction period, the soil pore water (SPW) was sampled in potted soils and dwarf beans
were grown for a 2veek period. The SPW Cd, Pb and Zn concentrations decreased in all amended
contaminated soils. The biochar effects incrdasith its addition rate and its combination with either
compost or iron grit. Shoot Cd and Zn removals by beans were reduced and shoot Cd, Pb and Zn
concentrations decreased to common values in all amended soils except the B1 soil. Decreases in the
SPW CdPb/Zn concentrations did not improve the root and shoot yields of plants as compared to the
Ctrl soil.

Keywords: Metal, Phaseolus vulgari4., Phytomanagement, Soil contamination, Soil pore
water.
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Several hundred yeaof smelting angrocessing of mining ordsave caused widespread pollution of

field areasaround the industrial site of Arnoldstein in Carinthia, Ausf(Agami 1988), where the
Zn/Cd/Ga smelter closed in 1992. The surrounding soils used for housing (playgrounds)iurerticu
forestry, and alpine grassland agriculture with pastures and feed production are contaminated by Pb, Cd
and Zn and, to a lesser extent, Cu and As (Friesl et al., 2006; Friesl et al., 2009). Such soil contamination
by trace elements (TE) generatedrideental effects on the ecosystems with TE transfer from the soil

to the environment. Although Cu and Zn concentrations were under homeostatic control, high Pb and
Cd concentrations were measured in arthropods species (Rabitsch, 1995). Highc&tratn

occurred in blood and teeth of inhabitants living nearby the smelter (Kasperowski, 1993). Metal
concentrations (mg K were high inZea may4.. shoot, i.e. Pb 54, Zn 286, and Cd 2.73 (Friesl et al.,
2006). Based on the Austrian Federal Environmengain&y, the restoration of such contaminated soils

was needed (Kasperowski, 1993, Rabitsch, 1995)

To phytomanage agricultural T&ntaminated soils, in situ stabilization of the labile TE pools in excess

in the soil combined with the use of FXcluder citivars of high yielding crops is one of tigentle
remediation options (GRO, Kidd et al., 2015)elies on soil amendments to (1) impreubstratdoio-
physicochemical properties (e.g. organic matter and nutrient contents), (2) immobilize TE indthe sol
phases preventing watsoluble TE migration from the root zone, (3) limit exposure to contaminants
and detrimental effects on living organisms, (4) pronsafe crops and other vegetation coard (5)
stimulate ecological restoration of soil procesard functions in line with ecosystem services (Mench

et al., 2010; Bolan et al., 201480il amendments can lead to immobilize Pb, Cd and Zn in the solid
phase by one or more of the following processes, i.e. sorption, precipitation, complexation, ion
exchange and redox process, thereby decreasing their mobility and bioavailability (Kumpiene et al.,
2008). Input of conventional organic matter (OM) such as compost, paper mill waste and sewage
sludges can (1) form immobilized complexes between organic kgand metals, (2) improve soil
texture and structure, (3) increase nutrient status and water retention and (4) changdrsmigaiic

soil amendments such as clays, liming materials, phosphate minerals -amdnkeAl oxides are
effective for immobilizng Cd, Pb and Z{Kumpiene et al., 2008). Newly Fe/Mn (hydr)oxides formed
after iron grit (Fe(Q)corroded in the soil can reduce the available fraction of metal(loid)s and lower the

risks associated with their leaching and ecotoxicity (Komarek et 413; A0berg et al., 2016).
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Several GRO have been tested in the Plo@maminated soils of Arnoldstein. Apatite and a
commercial mixture of dolomite, diatomite, smectite basaltic tuff, bentonite, alginate and zeolite
(Slovakite) efficiently stabilized ahdecreased the bioavailability of Pb, Zn, Cu and Cd (Tica et al.,
2011). This amendment also improved microbial activities and the functional status of the contaminated
soil. In a field trial, gravel sludge and red mud were effective after five yearafowbilizing Cd, Pb

and Zn (1M NHNOs-extractable fractions reduced up to 99%) and to limit contaminant uptake by
barley Hordeum vulgarelL., spp.distichon Friesl et al., 2009). Gravel sludge and siderite bearing
material reduced extractable (DB¥D3) Znand Pb concentrations and maize uptake (TouCedezalez

et al., 2015).

Biochar amendment is another option iforsitu stabilization of TEcontaminated soils (Beesley and
Marmiroli, 2011; Beesley et al., 2011; Oustriere et al., 2016a). Biochar idithpremluct derived from
waste biomass pyrolysis, under mid to low oxygen supply and high temper@dtehesann 2007,
Ahmad et al., 2014)Amending soils with biochar has gained attention as : (&plenishes C stocks

and improves long term §equestradn in soil Sohi et al., 2010; Atkinson et al., 20K®okana et al.,
2011) (2) it can increase soil fertility, plant growth arabt proliferationby improving soil structure,
porosity and physicahemical properties, nutrient and waseailability, ard microbial communities

able to degrade xenobioti(Rizwan et al., 2016); an@) it canreduce leaching and phytoavailability

of TE in contaminated soiléark et al., 2011). However all these potential gains depend on the biochar

guality (Oustriere etla 2016a)

Several experiments explained the decrease in Cd, Pb and Zn mobility and phytoavailability in biochar
amended soils by increase in soil pH and CEC, adsorption of-owetgdlexing DOM anelectrostatic
interactions between the positively chargaetal ions and negative charges associated with delocalized
(@electrons on aromatic structures of bioctBeesley and Marmiroli, 2011; Uchimiya et al., 2010a;
Karami et al., 2011): e.gugar cane biochar, Cd/Pb/2viucuna aterrimaPiper & Tracy) Hollad,
Zn-contaminated mine soil (Puga et al., 2015a); bamboo and rice straw biochars, Cd/CS&dizm,
plumbizincicolalL. (Lu et al., 2014). Biochar amendment reduced the extractability and bioavailability
of Cd, Zn and Pb in a soil contaminated by atmospliepositions (Houben et al., 2(4,B), but roct
induced acidification of the rhizosphere counteracted the liming effect of biochar and, in turn,
suppressed sharerm metal immobilization (Houben and Sonnet, 2006%canthusderived biochar
increased @l pH of a contaminated sewage field and reduced Zn and Cd concentrations in the soil
solution whereas those of Pb and Cu increased due to soluble complexes with dissolved organic matter
(DOM) (Wagner and Kaupenjohann, 201) theArnoldstein soil, addion of poplar deriveebiochar
decreased the (NINO3) extractable fraction of Pb, Zn and Cd but metal concentrations in the shoots

of Lolium multiflorumLam. 1779 did not decrease (Karer et al., 2015).

99



According toBeesley and Marmiroli (2011jhe combination of compost and iron oxides with biochar

may be more suitable than biochar alone to promote TE immobilization and buffer nutrient depletion
in contaminated soils. Compost combined with biochar may improve total soil C, N and P, stabilize soil
aggregtes and stimulate microorganisms (Beesley et al., 2010; Sizmur et al., 2011; Schulz et al., 2013;
RodriguezVila et al, 2015). Depending on ligand types, pH, surface properties of the oxides and
ligand/metal(loid) ratio, Fe/Mn/Al (hydr)oxides can promatetal(loid) adsorption (Komarek et al.,
2013; Tiberg et al., 2016). Biochar combined with iron grit coettlice the watesoluble soil fraction

of metals and thus the pollutant linkages associated with their leaching and ecotoxicity (Wagner and
Kaupenjohan, 2015). The potential gains of adding biochar with either compost or iron grit as
compared to biochar alone in metaintaminated soils remain poorly documented. This pot experiment
aimed at assessing the efficiency of a biochar derived from pine tiag alone and in combination

with either compost or iron grit, to stabilize Cd, Pb and Zn in an agricultural, contaminated soil from
the Arnoldstein area. Metals in the soil pore water and soil phytotoxicity on dwarf Bdaaselus
vulgarisL.), repored as root and shoot dry weight (DW) yields and Pb, Cd and Zn uptake by plants,

were determined.

ODWHDDRBOOHWKRGV

2.1. Soils andamendments

The soil was sampled nearby (300 m) the former metal smelter located at Arnoldstein, Carinthia, Austria
(IDWLWXGH f e Z ORQJLWXGH f e Z 7DEOH 7KLV VPH
and the site has continuously experienced Cd, Zn, and Pb (and in a lesser extent Cu and As) atmospheric
depositions. Topsoil (Unt-05cm, Leptosol, 10Bg) was collected from grassland at the-site ARN

D (ToucedaGonzélez et al., 2015), airied for 2 weeks at ambient temperature, sieved to 5 mm, and
manually homogenized. Its texture is sandy, i.e. 43% sand, 22% clay, and 35% silt, with 3.5 % organic

C and slightly acidic pH (i.e. Bablel). Based on guideline values for agricultural production (Austrian
Standard S 2088), it is mainly contaminated by Pb, Zn and Cd, and in a lesser extent by Cu and As
(Table 1). An uncontaminated sandy topsoil (GiH 7.9, 620 cm) was collected in a kitchen garden,
Gradignan, Gironde, France. The biochar (B) was a commercial product (Florentais&/)8sit-

Désert, France; pyrolysis: 180 s at 420°C) derived from pine bark chips. It was crushed, sieved to 2 mm

and manually homogenized. In our experiments, soluble salts were not removed from the biochar.
Commercial grade compost (C), made of green wastes for 9 to 12 months, was obtained from Gonzales
freres, Martignas sur Jalle, France. Zerovalent iron grit (Z1 ZBHparticle size <0.1 mm) was obtained

from Wheelabrator Allevard, France (Bes and Mench, 2008). Amended soils were thoroughly
homogenized in large plastic containers and individually prepared prior to use. Elemental composition,
carbon content and PAHoncentrations of biochar and compost were determined at the INRA
IDERUDWRLUH GT$QDO\WHV GHV 6ROV /$6 $UUDV )UDQFH ZLW
(Table 2).
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Table. 1 Main soil properties

Parameter Arnoldstein soil Ctrl Soil Background levels?
pH 6 7.9 6.6
CEC 12 16.1

Total CaCQ (g kg?) <1 -

Organic matter (g k8 60 4

Organic C (g k@) 35 - 14.5
Total N (g kg') 3.53 2.9

CIN 10 14 10.02
P,0s (g kg' ) 0.021 -

Texture (g kg')

Sand 858 665 .
Silt 83 155 ?
Clay 59 180 ”
Nutrients (g kg%

Ca 0.042 0.104

Mg 0.0659 0.012

Na 0.0731 -

K 0.162 0.1879

Fe 0.424 0.069

Mn 0.171 0.214

Total TE (mg kg™?)

Cr 71 8.3

Cu 96 22 60
Ni 46 6.6 -
Zn 1110 75 300
Pb 1300 24.4 100
Cd 9 0.27 1
Mo 2.9 1.43 -
As 47 6.6 1258
PAHs (mg kg?)

Naphtalene <0.0204 -

Acenaphtene <0.0102 -

Fluorene <0.0051 -

Phenanthrene 0.0173 -

Anthracene <0.0051 -

Fluoranthene 0.0204 -

Pyrene 0.0143 -

Benzo(a)anthracene <0.0102 -

Chrysene <0.051 -

Benzo(a)fluoranthene 0.0133 -

Benzo(Kk)fluoranthene <0.0051 -

Benzo(k)pyrene <0.0102 -
Dibenzo(ah)anthracene <0.0204 -

Benzo(ghi)perylene <0.051 -

Indeno(123 cd)pyrene <0.0102 -

Acenaphtylene <0.0306 -

A-According to frequent total concerations in French sandy topsoils and Austrian Standard S-208&ize

1997; Baize, 2000; Villanneau et al., 2008, INDIQUASOL, 2016).
B Frequent total As concentrations for all French soil types (Bes and Mench, 2008).
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Table.2. Composition of soil cafitioners. In bold, values exceeding the European BioCkdificate

(EBC) V4.8 thresholds

Biochar EBCA IBI B Compost | Iron grit

(B) © 4]
pH 9.89 - - 7.53
CEC (cmol kg 1.23 - - 26.7
Major elements (%DW)
H 0.8 - - -
Total N 0.3 - - 0.69
S 0.03 - - -
Cl 0.01 - - -
Organic C 90.3 >50% 10.9
Nutrients (g kg%
Ca 18.6 - - 22.5
K 13.8 - - 5.4
Mg 29.9 - - 1.9
Na 0.389 - - -
P 0.105 - - 0.374
Elements (mgkg™)
Al 1650 - - 12700 600
As 0.461 - 12-100 4.47 70
Cd <0.5 1 1.439 <0.5 0.03
Cr 45.9 80 64-1200 21 3500
Cu 230 100 63-1500 85.8 1010
Mn - - - - 7710
Fe 4470 - - 6830 973000
Hg <0.1 1 1-17 <0.1
Ni 28.3 30 47-600 7.98 739
Pb 2.61 120 70-500 51.5 20
Zn 50.5 400 200-7000 174 104
PAHs (mg kg?)
Sum of 16 US EPARAHsS® | 163 4 6-300 <DL
Fluoranthene 7.48 - - <0.1
Benzo(b)fluoranthene 0.149 - - <0.1
Benzo(a)pyrene <0.2 - - <0.3
Naphtalene 101 - - <0.2

A &}oo}A]JvP "A]Sl Eo v [

Z u] o Z]el Z pun §]}v

§ ~Z uzZZs+ }v E C o]vP ( ¢

B-Range of Maxium Allowed Thresholds reflects different soil tolerance levels for these elements in compost,

biosolids, or soils established by regulatory bodies in the US, Canada, EU and Australia (See Appendix 3 of the
IBI Biochar Standards for further information).
C Corresponds to the PAH threshold defined in the Swiss Chemical Risk Reduction Act (ChemRRYV).
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2.2 Experimental set up

The contaminated soil was mixed by rotation in a plastic flask with 1% or 2.5% (w/w) of biochar, alone
and in combination with eithepmpost or iron grit. The uncontaminated soil was similarly mixed only

with 1% or 2.5% (w/w) of biochar. Therefore, the pot experiment included ten treatments:

(1) untreated contaminated soil (Unt) (6) Unt soil + 2.5% B + 5% C (B2.5C),
(2) Unt soil + 1%B (B1), (7) Unt soil + 2.5% B + 1% Z (B2.52)
(3) Unt soil + 1% B + 5% C (B1C), (8) uncontaminated soil (Ctrl)

(4) Unt soil + 1% B + 1% Z (B1Z2), (9) Ctrl soil + 1% B (CtriB1)

(5) Unt soil + 2.5% B (B2.5), (10) Ctrl soil + 2.5% B (CtrIB2.5)

Untreated and amended soils were potted in plastic pots (1 kg, 11 cm x 11lcm x 11keminl.3
triplicates), and randomly placed in a greenhouse under controlled conditions. One Rhizon MOM
moister samplers (Eijkelkamp Agrisearch Equipment, The Netherlaradsinserted with a 45° angle

into each potted soil. Before sowing, amendments were allowed to react-fooatl3 period with the

soils, pots being manually maintained five times a week at 65% of the water holding capacity (WHC)

with deionized water.

Theplant test was adapted from Ruttens et al., (2006) (modified protocol from ISO-211889 2012).

In June, four seeds of dwarf beans (P. vulgaris L. cv. Skipper, Vilmorin) were sown in all pots. Plants
were cultivated during 15 days with controlled coiadis (16 /8 h light/darkness; 65 + 5% relative
humidity; 25+ 2°C) in the greenhouse. Potted soils were daily watered (deionized water) to maintain a
65% WHC rate. After 2 weeks, the shoots and roots were harvested, washed twice with deionized water,
blotted with filter paper, placed in paper bags and oven dried at 60°C to constant weight for 72h and
then weighed for determining the shoot and root DW vyields.

2.3 Plant and soil pore water analysis

For each pot, dried shoots of the four plants were poalednd (< 1 mm particle size, Retsch MM200)

then weighed aliquots (0.5 g DW) were wet digested under microwaves (CEM Marsxpre§¥)1200

with 5mL suprapure 14M HNQ, 2mL 30% (v/v) HO, not stabilized by phosphates and 1 mL MilliQ
water. Certified referenamaterial (BIPEA maize V463) and blank reagents were included in all series.
Mineral composition (Al, As, B, Cd, Ca, Cr, Co, Cu, Fe, Mg, Mn, Mo, Ni, P, Pb, K, Na and Zn) in
digests was determined by IGPS (Thermo X series 200, INRA USRAVE laboratory, Milkeve
d'Ornon, France). All elements were recovered (>95%) according to the standard values and standard
deviation for replicates was <5%. All element concentrations in plant parts are expressed in mg or g
DW kg®. The shoot metal (Me) removaks calculaté as follows using the mean shoot value of the

four plants:Me (ug plantt) = Shoot DW vyield (g plart) x shoot Me concentration (Ug'®W).
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The soil pore water (SPW) wasllected after plant harve@tay 14)in all potted soilgtwo times 10mL
with a 3-day interval)using theRhizon samplers and samples kept at 4°C prior to their analyms.
pH (Hanna instruments, pH 210, combined electrode Ag/A¢d), redoxpotential (Eh) and electrical
conductivity (EC) (Tetracon 325 WTW), and Twoncentration(Cupric ion electrode, Fischer
Bioblock, USA) of SPW samples were measured, and their element compcsition €lements as for
plant ionome)analyzed by ICRMS (Thermo X series 200) or IGRES (Varian Liberty 200) at the
INRA USRAVE laboratory, Villenavel'Ornon, France.

2.4 Statistical analysis

Influence of soil treatments on SPW parameters, shoot DW yields, shoot ionome and element removals
of plants were tested using eway analysis of variance (ANOVAS). Normality and homoscedasticity

of residuals vere met for all tests. When significant differences occurred between treatments, multiple
comparisons of mean values were made usinghpsT ukey HSD tests. Differences were considered
statistically significant at p<0.05. When element concentrations lvedogv the detection limits in the

UNT samples, influence of soil treatments were not statistically tested. All statistical analyses were
performed using R software (version 3.0.3, Foundation for Statistical computing, Vienna, Austria).

SHVXOWYV DW\VA RIQY/ F

3.1 Soil pore water
3.1.1 EC, pH and nutrient concentrations (Table 3)

Except for the B1 treatment, the SPW EC significantly decreased in all amended soils, with lowest
values in the B2.5Z and B2.5 soils. These lower EC values likely arose fm)précipitation or

sorption of divalent cations on biochar and compost surface, as suggested by the significant decrease of
SPW Ca and Mg concentrations in the B2.5 and B2.5Z soils (i.e. 2 and 3 fold as compared to the Unt
soil). In previous studies, dexase in leachate concentrations of divalent cations was attributed to the
increased CEC of biochamended soils (Lehmann et al., 2003; Ding et al., 2010; Bakshi et al., 2014).

In contrast, the SPW concentrations of K and Na increased with the biochamapadst loading rate.

The SPW K concentrations were 8 fold higher in amended soils than in the Unt soil. The SPW Na
concentration was slightly enhanced in all amended soils albeit not significantly. Gain in K+, Na+ and
NH4+ concentrations following batar addition to contaminated sandy soils was previously reported
(Bakshi et al., 2014). The SPW P concentration was below the detection limit (<0.2Ljnig &ll
treatments. The SPW pH increased significantly from 6.2 (Unt) to 6.9 (B2.5C) in the ingreassr:

QW % % = % = % "% & % & 6XFK LQFUHDVH ZDV OLN
(Table 2). Biochar combined with compost led to the highest SPW pH value, in line with Beesley et al.
(2010, 2014).
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3.1.2 As, B and Mo concenttians (Table 3)

Increase in soil pH after biochar and compost addition was correlated with enhanced SPW As, B and
Mo concentrations in the B1C, B2.5 and B2.5C soils, i.e. from 0.8 (Unt) to 1.8 (B2.5C) ug Ad2L

(Unt) to 56 (B1C) ug B E1 and <0.4 (Untto 1.3 (B2.5C) ug Mo L1, these elements forming
oxyanions. However, these concentrations remained low compared to their values in the Ctrl soil. In
the Arnoldstein soil, increased As concentration in the labile pool correlated with increasing soil pH
following red mud and triple superphosphate amendment (Friesl et al., 2004, 2006). Beesley et al.,
(2011) found also an enhanced As mobility with increasing soil pH after biochar amendment. Authors
postulated that other oxyanions would behave similarly. Rietda., (2015) reported a higher release

of U, W and Mo oxyanions in soil leachate of biocharended soils with increasing pH. Biochar
combined with Z, despite increased soil pH did not enhance the SPW As, B and Mo concentrations.
The As, B and Mo oxyaaons have high affinity for Fe (hydr)oxides and may have been sorbed by the
newly-formed Fe and Mn oxihydroxides after iron grit corroded in theafhended soils (Kumpiene et

al., 2008; Koméarek et al., 2013).
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c
g

106



Table. 3 Chemicalcompositionof the soil porewater

Sample Elements (ug 1) | Nutrients (mg L%
pH EC (US cmb)|Al  |As B Cr |Co |Cu Fe Mn Mo Ni Ca K Mg P Na

uUnt 6.2+0.1d |1251+179a |< 50|0.8+0.1cd |42+4bc [<0.2|<0.2|<8 <20 68+39 |<0.4 |4+la |126+49a [3+0.4d |21+8a |<0.2 |5%la
Bl 6.4+0.01c |886+117ab |< 50|1.1+0.2bc |55+10ab|<0.2|<0.2 |<8 <20 <20 <0.4 [3x1b |118+#41ab (12+4c [21+7a |<0.2 |8+2a
B1C 6.7£0.04b |843+24 <50(1.6+0. |56+4 [<0.2|<0.2|<8 <20 <20 0.6+0.1|2+0bc |100+15ab(15+2abc |16+3ab(<0.2 | 7+2a
B1Z 6.4£0.0% |816+16® |<50/0.6+0.2d |39+2c [<0.2[<0.2|<8 <20 <20 <0.4 [3x0b |72+16abc [10+lcd [13+3ab|<0.2 |6+0.2a
B2.5 6.7x0.b |544+4D < 50(1.4+£0.%ab [45x2abc|<0.2<0.2 <8 <20 <20 0.8+0.4(1+0c |43+T 18+x&b |8x1lb |<0.2 [6+0.3a
B2.5C |6.9+0.0& [856+22® |<50|1.8+0. |54+5ab |<0.2|<0.2|<8 <20 <20 1.3+0.3|1+0c  [69+15abc |20+3 [11+2ab|<0.2 | 7+la
B2.5Z |6.6+x0.0% |611+15® |<50]|0.6+0.1d |43+4bc |<0.2|<0.2|<8 <20 <20 <0.4 [2xObc [50+23c (18+&b [(9+4b |[<0.2 | 7+la

Ctrl 76+0.1 [832+58 |<50(10+5.6 |20+ 10 [<0.2<0.2{48+ 11|50 + 1040 +20|124+123+1 |143+66 |27+44 |21+11 |5+2 |63+12

References As Cd Cr Cu Fe Mn Mo Ni Pb Zn
Oustriére et al., 2016 10- 16 0.3-6 3-1517 |<8-91 <20-181 |<20 8348 124-3450 |7-22 0.4 £3 <7-21
Marchand et aj 2014 4.4-24 - 0.7 2 8-31 - <20 1-63 3-16 <0.8+2.8 |<7-39

Di Bonito, 2005 7-34 - 0.5-18 63-241 - 26 0.038-9 10-1041 |1 +3.7 5-1151
Beesley et a) 2014 200- 1500 - - 10- 1150 |- - - - 3 97 150- 7500
MorenaJimenez et al2011 | 1-2901 - - 2-1190 - - - - 1-495 6-6470

Mean value + SD for each treatment (n=3 / Unt n=6). Values with different letters differ significantly (one way AN@\®A 0.05). Values in bold indicated significant
differences compared to the Unt soil in a column.
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3.13. Cd, Pb and Zn concentrationsig. 1A, C & E)

The SPW Cd, Pb and Zn concentrations dropped in all amended soils, ranging) fpon. 12 to 0.7

for Cd, 7.4 to <0.8 (dI) for Pb and 600 to 7.6 for Zn in the Unt and B2.5Z sails, respectively. These
decreaes after biochar additi@yreed with previous studiéscorporation of sugar cane stralerived
biochar decreased the DTRtractable concentrations of Cd, Pb and Zn in anning soil, Vazante
(Minas Gerais, Brazil, Puga et al., 2015atb¥ewage sldgederived biochar reduced the 0.1M CaCl
extractable Cu, Ni, Zn, Cd and Pb concentrations sardy Mediterranean agricultural Cambisol
(Méndez et al., 2012Here,reductions of SPW Cd, Pb and Zn concentrations were not significant for
1% biochar addion but decreases became significant for the C and Z combinations at both application
rates of biochar. Decrease in 0.01M Ga&dtractable Cd, Zn and Pb concentrations with increasing
concentrations oiiscanthusderived biochar (1, 5, and 10%) was répdrfor a metatontaminated

soil nearby Zn andlPsmelters (Houben et al., 2@1B). Regarding additional benefit of compost on
metal sorption in biochaamended soilsncorporation of hardwooderivedbiochar combined with
greenwaste compost into a nitdbntaminated sodecreased moi@d, Pb and Zn concentrations in the
SPWthan biochar aloniBeesley et al., 2014 ompost combined with biochar reduced more the Cu,

Ni, Pb and Zn mobility in a contaminated mine soil than biochar aRaoér{guezVila et al., 2015).

Interactions between biochamended soils and metals are complex and the possible mechanisms are:

(1) electrostatic interactions with negatively charged surfaces on soil particles activated by the pH
increase, (2) specific methijand compéxation involving surface functional groups of biochars (in
particular O, P, S, and N functional groups) that may or not involve cation exchange, and (3) sorptive
LOQOWHUDFWLRQY EHWZHHQ FDWLRQV DQG DURPDWLF & HOHFW
(Uchimiya et al., 2010kZhang et al., 2013).
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Fig. 2. Relationships between (A) Cd, (B) Pb and (C) Zn concentrations fugneasured in the
Arnoldstein contaminated soil (Unt, black dots), amended with 1% (stars) or 2.5% (squares) of biochar,
alone (light grey) or in combination with either compost (dark grey) or iron grit (black) and pH in the
soil pore water. The trend line power were donated by the R software.
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Despite high total soil Pb (Table 1), the SPW Pb concentrations remained low (i.e. 724Qlgf)Lin

all treatments (Fig. 1C), below the Ctrl value (i.e. 7.6 gdnd in the low concentration range reported

in the literature Table 3. Above pH 6, Pb may form hydroxide and oxide precipitatesPé&gOH).**,
PbsO(OH)* and PbO, controllig soil Pb solubility (Hale et al., 2012). Chelation by organic matter
(OM), sorption on Fe, Al, and Mn (hydr)oxides or precipitation of metal hydroxides can immobilize Pb
in the soil (Bolan et al., 2014lror this Arnoldstein soilEries| et al. (2006, 2®) reported increased

soil pH can promote Pb retention in the soil solid phase thus decreasiNgiektractable Plere,

the SPW Pb concentration decreased as SPW pH raised up to 6.7 (Fig. @i éimel biochar addition

rate (Fig. 1C)A part of wata-soluble Pb may precipitate as metal oxy(hydr)oxides or fwhable
complexeswith the dissolved organic matter (DOM) providedtbg biochar and compost addition into
the Unt soi(Beesley et al., 20341s Pb can stronghssociate witloxygencontainirg functional groups

of DOM (Kargaret al., 2015; Wagner and Kaupenjohann, 208bch Pboxy(hydr)oxidesand Pb

DOM complexes can be retained on biochar surfZbang et al., 2013'he SPW Pb concentration
slightly increased in the B2.5C treatments @.6.ug Pb ) compared to the B1C treatments (i.e. <0.8
ug Pb L%, Fig. 1C) Formation oDOM increases when pH is higher than 5.5 (Bravin et al., 2018).

to increase in SPW pH and high OM input by biochar (2.5%) and compost ¢&§ahic complexes
might increasingly dissolve which may lead to a competiietween DOM andPb hydroxides or
DOM-Pb complexes for retention on biochar surfaces (Beesley et al., 2014). The DOM may cloak the
biochar pores preventing the sorption of elements (Bolan et all; 2ab et al., 2011This effect may
depend on the soil ability to retain DOMhich is important to preserve the long term efficiency of
amendments anavoid Pb leaching out of the root zodde lower Pb mobility in soils amended by
biochar (2.5%) plugon grit compared to biochar (2.5%), alone or with compost, may be attributed to
the sorption of inorganic Plor DOM-Pb complexedy newly formed Fe and Mn oxyhydroxides
(Kumpiene et al., 2008A strong Pb sorption onto ferrihydrite has been reportatiénArnoldstein

soil (Friesl et al., 2006).

High SPW Cd and Zn concentrations (Fig. 1) reflected their total concentrations in the Unt soil (Table

1). Their values exceeded those of the Ctrl soil in all treatments except for the SPW Zn concentration

in the B2.5Z soil. In the amended soils except B1, values were in the low range as compared to the
literature Table 3. Potential mechanisms for explaining decreased SPW Cd and Zn concentrations in

the amended soils are: surface complexation of Cd and Zmoohar functional groups in line with

increase in soil pH, eprecipitation, inner sphere complexation of metals (Cd, Zn) and trace elements
exchange with Caand Md* (Chen et al., 2007; Sohi et al., 2010; Uchimiya et al., 2010b; Zhang et al.,

2013; Molamed et al., 2015). Surface complexation of Cd/Zn throtigh+ JURXSV RU GHORFDO
electrons of biochars was considered as a minor contribution (<25%, Xu et al., 2013) The liming effect

of biochar and compost addition was suggested (R2z: 0.79 and @peétigely, Fig. 2A and 2C),

confirming Beesley et al. (2010)In the Arnoldstein soil, decreases in weageluble and/or
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exchangeable Cd/Zn fractions were partly attributed to pH increase after addition of Slovakite and
apatite (Tica et al., 2011), syntleezeolite and ferrihydritdearing amendment&ifesl et al., 2006)

poplar deriveebiochar, gravel sludge with siderbearing material and lime (Karer et al., 2Q15)
Increase in SPW pH may result in Cd and Zn hydrolysis species (Cd@HZnOH), which may
precipitate as hydroxides (Cd(Off)and Zn(OH)) (Melo et al., 2016). Here, such mechanisms may
occur to a limited extent as the soil pH was below 7 and such species are mainly formed at alkaline pH
(Uchimiya et al., 2010b¥riesl et al. (2006) faud a Cd and Pb immaobilization in the Arnoldstein soil

after gravel sludge with ferrihydrite addition due to their chemisorption onto the Fe oxides.
Accordingly, additional decrease of SPW Cd, Pb and Zn concentrations was expected in the B1Z and
B2.5Z soils as compared to biochar alone to mirror the potential metal sorption on Fe/Mn
oxyhydroxides (Kumpiene et al., 20Komarek et al., 2003Jut this was only validated for Cd in B1Z

and Pb in B2.5Z (Fig.1A and E)

3.1.4 Al, Cr, Co, Cu, Fe, Mn and Ni conceations (Table 3)

The SPW concentrations (ug*) decreased frof8 (Unt) to <20 in all amended soils for Mn and from
4 (Unt) to 1 (B2.5 and B2.5C) for Ni, in line with increased in SPWIpHll soils,SPW Al, Cr, Co,
Cu and Fe concentrations were below their detection limit of <0.05, <0.2, <0ahc<820ug L ™,

respectively. All concentrations of these elements were similaglow the values in the Ctrl soil.

3.2 Plants
3.2.1. Plant growth parameterBi@. 3)

Root and shoot DW yields of the Unt plants were lower as compared to the Ctrl glsitsnot
significantly. The amendments did not significantly influence the plant yield, despiteatieged bean
exposure to Cd and Zn (Fig. 1). Root DW vyield decreased in the biaoferded Ctrl soil albeit not
significantly. The stimulation lackon biomass production after amendment of Cd, Pb and Zn
contaminated soils was previously reported regardless the type of plants, biochar and application rate:
strawderived biochar (1.55% w/w) did not increase the shoot DW yieldvbfaterrimain a Cd/Pb/2-
contaminated mining soiPluga et al., 2015a;b)ood biochar (0.5:1.5%) did not influence the DW
yield of maize plants, in a (As, Cd, Cu, Pb, and-&piked soil (Namgay et al., 201@yheat chaff or

oil mallee planiderived biochar (0.5 and 5 %) didt improve the growth of emergent wetland species
Juncussubsecundubl.A.Wakef. in a Cecontaninated soil (Zhang et al., 20L3Vliscanthusderived
biochar amendment (1, 5, and 10 %) did not proné yield of Italian ryegrassL( multiflorum)

grown inasoil contaminated nearby Zn and 8melters (Houben et al., 2GiB).
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Table.4. Shoot ionome of dwarf beans

Treatments Nutrients(g k1)

Al Br Cr Co Cu Fe Mn Mo Ni Ca K Mg P Na
Unt 42+16a23+2ab|0.4+0.1a |0.07+0.02415+1a |136+13a|60+11ab[2+0.2b [2+0.1ab |34+3a |28+2c |6+0.4a |4+0.4a |0.22+0.06bc
Bl 46+12320+2b [0.5+0.2a |0.08£0.03412+1 |138+14a|51+3abc|2+0.3b |1.6+0.2ab [29+1ab |40+4 |5:0.2 |3+0.2a |0.2+0.08bc
B1C 44+233]18+0b [0.4+0.03a|0.07+0.01413+0.4a143+25a 45+  |3+0.2b |1.1+0.3b |30+1ab |47+D |5+0.0% |3+0.1a |0.16+0.02c
B1Z 24+3a |21+2ab|0.4+0.1a |0.06+0.01413+1ab |141+30a|46+6abc|2+1b  |2.6:0.6a |28+ |40+D |5:0. [3:la | 0.35%0.04ab
B2.5 33+15320+1b |0.6+0.2a |0.1+0.03a |14+2ab |195+84a|64+1a [3+1b  |2.4+0.7a [27+lbc |49+4b |5:0.1 |3+0.4a |0.29+0.06bc
B2.5C 48+35322+2ab|0.4+0.1a |0.1+0.03a |15+1a |151+33a|5625abc|621a  |1.5+0.3ab [29+4ab [58+2 |5:0.% |4:0.2a |0.49+0.1%
B2.52 32+7a |25+2a |0.5£0.03a |0.07+0.03414+0.1a0128+35a|42+6c  |3+2b  |1.9+0.7ab|21+4 |462% |4x1c  |4+la | 0.24+0.06bc
Commonvalues* |- 05 |- 03 - 320  |20300 |50500 |0.1-2 016 |150 |20850 |158.5 |1.66.0
Average values
in stressed ; ; - 580 - 20400 300500 |60-1575 |10-100 |- - - ;
plants**

Mean values + SD per treatment (n=3). Values with different letters differ significantly (one way AN@W#0.0%. Values in bold differed from the Unt valugSremel
Schaub and Feix (2005), ** Kab&andias and Pendias (1984).
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3.2.2. Plant nutrients (Table 4)

The SPW K and Na concentrations increased in all biemim@nded soils (Tab. 3). Consequently, shoot

Na concentrations significantly increased for the B1C and B2.5C plants, while shoot K concentration
significantly increased in all amended soils, being in the upper range of common values in plants (i.e.
2050 g K kg* DW). Such relationship was less eviddar Ca, Mg and P. The SPW Ca and Mg
concentrations decreased in the biogmaended soils, especially in tB2.5 and B2.54reatments

(Tab. 3). Consequently, shoot Ca concentrations significantly decreased for the B1Z, B2.5 and B2.5Z
plants and shoot Mgoncentration significantly fell in plants from all amended soils, but all values
remained in the common ranges for shoots {i0g Ca and 1.3.5 g Mg kg' DW). Antagonistic

and synergistic effects may alter plant ionome, as well as DW yield antbpieneant stage (Wagner

and Kaupenjohann, 2014). Increase of SPW and shoot K concentrations due to amendment addition
(Tab. 3 and 4) may contribute to decrease shoot Ca and Mg concentrations (Jakobsen, 1993). The shoot
P concentration did not differ acrossdtments and its values remained in the common range for shoots
(i.e.1.66.0g P kgt DW). Combination of compost or iron grit with biochar did not have an additional
effect on shoot nutrient concentrations as compared to biochar alone.
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Fig. 3. (A)root and (B)
shoot DW vyields of
dwarf bean (mg DW
plantl) after the 15
day growth period ir
the control soil (white,
Ctrl), amended with
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(CtriB2.5) of biochar
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3.2.3.Shoot AsB and Mo concentrations (Table 4)

The SPW As, B and Mo concentrations increased irBth€, B2.5 and B2.5@eatments (Tab. 3).
Changes in shoot As, B and Mo concentrations across treatments however were mostly insignificant.
Only shoot Mo concentratioim the B2.5C plants was significantly higher than in the Unt plants,
exceeding theommon rangdor shoots but remaining below Mo concentrations in stressed plants
(TremetSchaub and Feix, 2005).

3.2.4. Shoot Pb concentrations and removalg.(1 D, Tab.4 and 5)

Shoot Pb concentration did not significantly change after soil amendment except a decrease for the
B2.5Zplants (Fig. 1 D)Shoot and SPW Pb concentrations were correlated in our soil @8ges O.

For all plants, the shoot Pb concentratiarese relatively close to or in their common rarfdab. 4,
TremelSchaub and Feix, 2005). In the B2.5 sthile shoot Pb concentration is higher, albeit not
significantly, than in the Unt soil, this trend reflecting increase in SPW Pb concentFRatjoh Q). The

shoot Pb removal (ug Pb plaiztwas only significantly lower in the B1C (i.e. 0.4) and B2.5Z (i.e. 0.3)

treatments as compared to the Unt plants (i.e. 0.9).

Table. 5 Shootelementremovalsby the dwarf beangug plant?)

unt Bl B1C B1Z B2.5 B2.5C B2.5Z
Cd 0.5+0.04a | 0.3x0.0% | 0.09+0.02le | 0.23£0.02 | 0.2+0.02d | 0.12+0.02le | 0.08+0.0¢
Pb 0.9+0.2ab | 0.8+0.2abc| 0.4+0.1bc | 0.5x0.1abc| 1+0.3a 0.5x0.2abc | 0.3£0.2
Zn 34+4a 25+3ab 13+1c 24+ 20+x3Jc 14+% 11+6&c

Mean values + SD per treatment (n=3)luéa (in a line) with different letters differ significantly (one way
ANOVA, pralue<0.05). Values in bold differed from the Unt values.

3.2.3. Shoot Cd and Zn concentrations and remo¥ads { B & F, Tab. 4 and 5)

All treatments significantly decreas#ite shoot Cd and Zn concentrations (mg)Kay up to 83% and
66%, (i.e. Cd: from 3.7 £ 0.08 to 0.6 £ 0.2n: from 245 + 9 to 80 = 435hoot Cd concentrations
varied (mg kg) between 3.5 + 0.3 (Unt) and 0.6 + 0.5 (B2.Bihe decreasing order: UntB1 > B1Z

I % % & ¢« %

combination with C or Z. For the Unt, B1, BIZ and B2.5 plants, shoot Cd concentration exceeded its

&, thi$tredustion being enhanced by the biochar addition rate and the

common values (Tab. 4, Trer8thaub and Feix, 20D%and the maximum permitted concentration
(MPC) in forage (0.5 1 mg kg', TremetSchaub and Feix, 2005yor the B1C, B2.5C and B2.5Z
plants, shoot Cd concentration was in its common range. Shoot Cd removal peaked for the Unt plants
(i.e. 0.5 pg Cd plant), being 2fold and 6fold higher as compared to the B1 and B1C plants,
respectively (Tab. 5). Shoot Zn concentratimg kg?) significantly dropped for all amended soils from
238+ 20 (Unt) to80+ 43 (B2.5Z2),LQ WKH GHFUHDVLQJ RUGHU 8QW ! % % =
B2.5Z. Exceptfor the B1 plants, all values were in the common raf@e+150 mg kg, Tremet
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Schaub and Feix, 2005%hoot Zn removal peaked for the Unt plants (i.e. 34 pg Zn Hlantd
significantly decreased in all amended soils except for the B1 plants (Tab. 5).

Decreasedn SPW and shodfd/Zn concentrations were correlated (R2: 0.81 and 0.71, respectively;
Supplemental material) IFig. 1 A & E). This confirmed previous reports on bi@e-amended soils

and amendment testing in the Arnoldstein gleiles| et al., 2006; Bolan et al., 2003; Beesley et al.,
2010; Zhang et al., 201&argaret al., 201%. Miscanthusderived biochar (at 10%®ducedhe shoot

Cd, Zn and Plzoncentrations oBrassica napu&. by -71%,-87% and-92% (Houben et al., 2013a).
Bamboo and rice straderived biochar (1% and 5%) decreased shoot Cd, Cu, Pb and Zn concentrations
of S. plumbizincicolan a Cd, Cu, Pb and Zcontaminated soil nearby a Cu smelter (LulgtZz914).
Strawderived biochar (1.5%, 3.0% and 5.0%) added to a Cd, Pb acdrZaminated mining site
decreased the shoot Cd, Pb and Zn concentratidiisasérrimaby -56%,-50% and54%, respectively

(Puga et al., 2015a,Muthors mentioned that dexased shodfd and Znconcentrations may reflect
metal immobilization through sorption by biochar amendmelgre, as decrease in SPW metal
concentrations globally did not significantly influence the root and shoot DW yields (Fig. 3), a potential
HGL@QXMLRFWY LQ WKH VKRRW ELRPDVV ZRXOG EH LQVLJQLILFDQ!'

—
Z
B

L@

ShootCd (mg kg?)
N

MLy

0 4 . . ‘ ‘ t . ‘ T . : ‘
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Fig. 4.Relationships between shoot (a) Cd and (b) Zn concentratiorisgthgnd SPW (a) Ca and (b)
Zn concentrations (ugH). The trend line power and the correlation coéffic R2 were donated by the
Excel software.

3.3. Practical implications

Except for 1% biochar alone, all treatments reduced the SPW Cd, Pb and Zn concentrations to reach
their low value ranges as compared to the literature. Similarly, shoot Cd, Pb ahcémntrations
decreased in all treatments, except for 1% B. Biochar addition rate of 2.5% or a combination with either
compost or iron grit was necessary to stabilize such metals in this Arnoldstein soil. Likely due to the Pb
affinity for DOM, the SPW Plzoncentration increased in the B2.5 and B2.5C soils; accordingly shoot

Pb concentration increased in the B2.5C plants as compared to the B1C. Only the B1C, B2.5C and
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B2.5Z plants had shoot metal concentration in the common ranges for Cd, Pb and Zmcérdfitbese

three treatments to stabilize these metals in this Arnoldstein soil must be long term investigated, the
biochar combination with compost being less costly albeit its lasting effect is questionable as compost
OM would decay and it slightly pramted the As concentration in the soil pore water (Tab. 3). Atshort
term, the biomass production of dwarf bean in the uncontaminated Ctrl and Unt soils was statistically
similar, albeit influence on soil biota was not determined. No tested amendmentachgitevoot and

shoot DW vyield as compared to the Ctrl soil, but N fertilization may be necessary in the -biochar
amended soils. After this option appraisal, plots for testing the best combination can be implemented
and compare with gravel sludge, sidedted red muds, notably with ndood crops useable for the

bio-economy.

&RQFOXVLRQ

Pine bark chigderived biochar combined with either compost or iron grit efficiently stabilized the labile
Cd, Pb and Zn pools in the Arnoldstein soil contaminatedrbgsheric depositions. This lowered the
potential metal leaching out of the root zéo@roximal watersind dispersion through the environment.
Decrease in Cd/Pb/Zn mobility was improved by the biochar loading rate and the combination with
either composbr iron grit. This positive effect was mainly attributed to increase in soil pH, (co
)precipitation and various sorption mechanisms with the biochar surface. Consequently, dwarf bean
exposure to Cd and Zn was reduced and shoot Cd, Pb and Zn concentraitgoinsthe common ranges

for plants grown in all amended soils except for 1% biochar alone. However decrease in Cd, Zn, and

Pb concentrations in the soil pore water did not improve the root and shoot DW vyields of dwarf bean.
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Part. 2. Biomass production with (essential) metal(loid)
concentrations within the common ranges usable by local biomass

processing chains.

2.2.Optionap  praisal

2.2.1.Chapter3 - Long-term Cu stabilization and biomass yields of Giant reed and
poplar after adding a biochar, alone or with iron grit, into a contaminated soil from
a wood preservation site
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Long -term Cu stabilization and biomass yields of Giant
reed and poplar after adding a biochar, alone or with
iron grit, into a contaminated soil from a wood
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Nadege Oustrierg Lilian Marchand, Nathalie Lottie?, Mikael Motelicg, Michel Mench

!BIOGECO, INRA, UNB®RDEAUX, 33615 PESS-RANCE.

E-mails: oustriere.nadege @gmail.comarchand.lilian@gmail.cormench@bordeaux.inra.fr

?2|ISTO UMR 732ZNRS, UNIVERSITYOBEEANS, CAMPUS GHPISCES, 1A, RUELBE
FEROLLERIE, 45071LBANS CEDEX 2, FRANC

E-mails: nathalie.lottier@univorleans.fr mikael.motelica@uniorleans.fr

Abstract

A 2-year pot expgément was carried out to examine the aging effect of biochar (B), alone or combined
with iron grit (Z), on Cu stabilization and plant growth in a contaminated soil (964 mg ¥ dram a

wood preservation site. The experiment consisted in 3 soil trenedher planted with Arundo donax

L. (Ad) or Populus nigra L. (Pn): (1) untreated-€ntaminated soil (Ad, Pn); (2) Unt + 1% (w/w) B
(AdB, PnB), and (3) Unt + 1% B + 1% Z (AdBZ, PnBZ). After 22 months, the soil pore water (SPW)
was sampled and rootsdshoots were harvested. The SPW compositions at 3 and 22 months were
compared, showing that the SPW2Cuaoncentration increased again in the PnB and PnBZ soils.
Cultivation of A. donax enhanced the dissolved organic matter concentration in the SPW, which
decreased its Cuconcentration but promoted its total Cu concentration in the Ad and AdB soils.
Adding Z with B reduced both SPW €and Cu concentrations in the pots cultivated by A. donax and
P. nigra as compared to B alone. The B and BZ treatmight®tlenhance root and shoot yields of both
plant species as compared to the Unt soil but their shoot Cu concentrations were in the range of common

values.

Keywords:Arundo donax.., Populus nigral.., Soil pore water, Copper contamination, In situ
stabiization, Phytomanagement
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Soil Cu contamination at wood preservation sfiteguently resulted from lontermuse of Cdbased
saltsas wood preservatives amsod washings Bes and Mench, 2008; Oustriere et al., 2016ag
functioning ofecosystems associated with suchddataminated soils is generally affected, due to soil
ecotoxicity and Cu dispersion through natural agencies (Bakshi et al., 2014).

Out of gentle options for remediating €antaminated soildn situ stabilization is a alternative to
physicachemical methods. It aims at reducing the pollutant linkages by managing the contaminant
pathways to protect the biological receptors (Cundy et al., 2015). It relies on incorporation of
amendments into the soil to immobilize mdtit{)s in the stable solid phase by sorption, precipitation,
complexation, ion exchange or redox process, thereby decreasing their mobility and bioavailability
(Kumpiene et al., 2008; Bolan et al., 2014). Amending soils with biochar can (1) increasgahe ca
exchange capacity (CEC), pH, and retention of water and nutrients, (2) improve microbial soil habitats
and (3) immobilize contaminants (Zhang et al., 2013). Several studies have assessed the biochar
effectiveness for in situ stabilization of €ontaninated soils (Beesley and Marmiroli, 2011; Beesley
etal., 2011). As suggested Bgesley and Marmiroli (2011¢pmbining amendments with biochar may

be more efficient than biochar alone for the remediation and revegetation of contaminated soils. Iron
grit mainly consists of zerovalent Fe(0) and Mn and rapidly corrodes into the soil to form newly Fe/Mn
oxi(hydro)xides. Such (hydro)xides can sorb metal(loid)s and reduce their (bio)availability (Kumpiene
et al., 2011Tiberg et al., 2016 In a previous potx@eriment, a pine baréterived biochar (1% w/w)
decreased Cticoncentration in the soil pore water (SPW) of a contaminated soil (964 mgu kg
from a wood preservation sit®(striere et al., 2016adding this biochar with iron grit (1% w/w)
decreasetioth total Cu and Cticoncentrations in the SPW. However biochar alone and in combination
did not promote the growth of dwarf bed*h@seolus vulgarik.). Moreover this study was limited to

a 3month reaction period followed by ankek plant testing.®ential changes in the phytotoxicity of
biocharamended soils over time must be considered. iteng efficiency of soil amendments is
pivotal to sustain metal(loid) immobilization in contaminated soils and to avoid their leaching out of

the root zone.

Few longterm studies reported an increased immobilization of trace elements (TE) over time in
biocharamended soils (Cd, Pb: Bian et al., 2014; Ni, Zn: Shen et al., 2016). Sudledonegffects on
TE immobilization however depend on biochar and soil typftsr 3 years, hardwooederived biochar
gradually reduced the (Cafskextractable Cd and Cu concentrations and uptake by rice, while these
values did not changa the soil amended byorn-strawderived biochar (Li et al., 2045 Eucalyptus
wood-derivedbiochar aged for 12 months into two (Cd/Agjked soils increased Cd and As sorption
in the Inceptisol whereas it decreased As sorption in the Oxisol (Nagodavithane2étL4).,The
sorption capacity of aged biochar may depend on (1) metal(loid)sP{®), and (3) soil properties
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such as organic matter (OM) content and oxidation process through both abiotic and biotic mechanisms
(Nagodavithane et al., 2014).

Among energy crops, poplaP@pulussp.,) and Giant reedAundo donax..) used in short roteon
coppices (SRC) have been tested for producing valuable feedstock for bioenergy productions on
contaminated soils (Lucdorja et al., 2011; Evangelou et al., 2012; Kidd et al., 2015; Malkkego

et al., 2015; Gonsalvesh et al., 2016). The lignocedlalbiomass of such plants can be either used to
produce heat and electricity by direct combustion, transformed by pyrolysis and gasification into
biofuels and biochars or used for producing derived bioproducts notably platform chemicals
(Bridgwater, 2006Nsanganwimana et al., 208)4Poplar is a fast growing tree, producing large yields,
tolerant to high TE exposures, with low contaminant accumulation in the wood (Cd/Zn are mainly
accumulated in the leaves) and having high energy potential (Calfapietra2§10).Arundo donax

is a productive species, highly stress resilient (e.g. cold, drought, salinity, and extreme pH) (Mantineo
et al., 2009), tolerant to high TE exposure (Elhawat et al., 2015), usable by many conversion chains,
e.g. energy sectoritter, pulp and building materials (Scordia et al., 2012; Nsanganwimana et al.,
2014).

In situ stabilization combined with eithBopulus nigral. or A. donaxcultivation is a potential option

to produce avaluable biomass while stabilizinQu-contaminatd soils at wood preservation sites.
Therefore, wénvestigated théong-termaging effect of biochar, alone and combined with iron grit, in
such Cucontaminated soil cultivated with both plant species through (1) Cu and nutrient concentrations
in the soilpore water(2) biomass production &. nigraandA. donaxand(3) shoot Cu concentrations

and removals
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2.1. Soil, amendments and soil treatments

The wood preservation site (about 10 ha, S&MGDUG G(\UDQV *LURQGH 6:1)UDQFF

f . KDV EHHQ XVHG

IRU RY H U -Hasddas\(ainly Glupkidte YDU LR X

based on the duration and amount used) as wood preservatives (Mench and Be$ppe6®)Unt,

0-25cm Fluvisol - Eutric Gleysol, World Refence Base for soil resourgaegascollected (100 kg) at
the P13 subsite. This sandy soil (85.8 % sand, 5.9 % clay, and 8.3 % silt; 1.3% OM; C/N 16), with a
low CEC, is mainly contaminated by Cu (Tab. 1, Oustriere et al., 2016a), which largely exseeds it

median and upper whisker background values in French sandy soils, but its total soil As and Cr are at
background levels (Tab. 1, Baize, 2000; Villanneau et al., 2008). Soaiwdsed andhomogenized

after sieving through a 5 mm mesh.

Table. 1 Main physicachemical soil parameters

Parameter Mean = SD Background level$
pH 7 +0.09 6.60
CEC 25+0.2

P.Os (g kg' ) 0.03 + 0.002

Organic matter (g k§ 13+04

Organic C (g k@) 8+0.3 14.5
Total N (g kgb) 0.5+0.01

C/N 16 0.2 10.02
Texture (g kg )

Sand 858 .

Silt 83 "

Clay 59

Total TE (mg kg)

Cr 21+0.7 1440
Cu 964 + 20 3.28.4
Ni 5+0.3 4.244.5
Zn 37+ 1.6 1748
As 704 1258

A Frequent total concentrations in French sandy tops@8aize, 2000; Villanneau et al., 2008)
B Frequent total As concentrations for all French soil types (Bes and Mench, 2008)
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Two treatments, pine barkderived biochar (Bpyrolysis 0f420°Cfor 180 s; not desalte&lorentaise,
SaintMars-du-Désert Francé alone and combined witterovalent iron grit (BZ), were trialeBiochar

was crushed, sieved at 2 mm and manually homogerttechental composition, carbon (C) content

and polycyclic aromatic hydrocarbon (PAH) concentrations were determinesl IAIRIA Laboratoire
GIY$QDO\WHV GHV 6ROV /$6 $UUDV )UDQFH ZLWK VWDQGDUG
Zerovalent iron grit (Z, GH120, particle size <0.1 mm) was obtained from Wheelabrator Allevard,
France (Bes and Mench, 2008). Amended soils wem@tighly homogenized in large plastic containers

and individually prepared prior to use.

The pot experiment consisted in 3 soil treatments: (1) untreated@aminated soil (Unt); (%, w/w)

(2) Unt + 1% B (B), (3) Unt + 1% B + 1% Z (BZ). Each treatmeasunade in 10 replicateSoils (3

kg) were potted (5L, plastic pots) and plaged greenhouse. Potted soils, with a bottom cup to avoid
any leaching, were watered and weekly maintained to 70% of water holding capacity (WHC, 10% of
air-dried soil) with etionized water, and allowed to react for one month in May 2014. Thereafter, plant
were cultivated from June 2014 to Mars 2016.

2.2. Plant testing

Stem cuttings oP. nigraand Giant reed4. dona (roughly 20 cm long) were collected in May 2013.
Poplarswvere sampled onyear old trees growing at this wood preservation site. Giant reed plants were
sampled from natural stand along a drainage ditch, San Remo, Italy, and cultivated since 2012 in a
greenhouse. Stem cuttings were rooted in individual pot$93:38°) on perlite imbibed with a quarter
strength Hoagland nutrient solution (HNS, Marchand et al., 2014) for one year in a greenhouse. For
each treatment, one standardized plant of ePharigraor A. donaxwas transplanted in potted soils

(five replicates) and cultivated during 22 months from June 2014 to March 2016 in a greenhouse. The

experiment consisted in 6 treatments:

(1) untreated Ctcontaminated soil planted with P. nigra (Pn)
(2) B-amended soil planted with P. nig(&nB),

(3) BZ-amended sbplanted with P. nigra (PnBZ)

(4) untreated Ctxcontaminated soil planted with A. donax (Ad)
(5) B-amended soil planted with A. dongdB),

(6) BZamended soil planted with A. donax (AdBZ)

Pots were arranged in a fully randomized block and magdaah 70% of WHC using deionized water
without loss from drainage. Hoagland nutrient solution (250 mL) was applied each month in all pots to
avoid nutrient deficiencies. Before the beginning of the 2015 growing season, in March, dry shoots of

A. donaxwereharvested (Cut 1), 1 cm above the soil surface. In March 2086&hoots and roots of
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P. nigra(Cut 1)andA. donax(Cut 2) were harvested. All harvested biomasse washed twice with

deionized water, blotted with filter paper, placed in paper bagoeen dried at 60°C to constant

weight for 72h and then weighed for determining the shoot and root DW yields.

Table. 2 Composition of soil amendments. In bold, values exceeding the European Biochar Certificate

V4.8 thresholds

B Z EBC IBI B French uppr critical
A thresholds for organic
amendment§
pH 9.89 - -
CEC (cmol kdb) 1.23 - -
Major elements (%DW)
H 0.8 - -
N 0.3 - -
S 0.03 - -
Cl 0.01 - -
c 90.3 >50 | &ODVV .
% Class 2: [30% 60%)]
Class 3: [10% 30]
Nutrients (g kd)
Ca 18.6 - -
K 13.8 - -
Mg 29.9 - -
Na 0.389 - -
P 0.105 - -
Elements (mg kg)
Al 1650 600 - -
As 0.461 | 70 - 12-100 18
Cd <0.5 0.03 1 1.439 3
Cr 45.9 3500 80 64-1200 300
Cu 230 1010 100 | 631500 120
Mn - 7710 - -
Fe 4470 973000 | - -
Hg <0.1 1 1-17 2
Ni 28.3 739 30 47-600 60
Pb 2.61 20 120 | 70-500 180
Zn 50.5 104 400 | 2007000 600
PAHs (mg kd!)
Sum of 16 US EPA PAHS | 163 4 6-300
Fluoranthene 7.48 - - 4
Benzo(b)fluoranthene 0.149 - - 25
Benzo(a)pyrene <0.2 - - 15
Naphtalene 101 - -
A &}oo0}AJvP "A]3l Eo v [*+ Z u] o0 Z]*l Z u 8]}v & ~ Z uZZs+}v & C o]vP (G

B Range of Maximum Allowed Thresholds reflects differenttstetance levels for these elements in compost,
biosolids, or soilgstablished by regulatory bodies in the US, Canada, EU and Australia (See Appendix 3 of the
IBI Biochar Standards for further information).
€ French upper critical thresholds for orgaaimendments (NF U 4361, Dec. 2010).

P Corresponds to the PAHSs threshold defined in the Swiss Chemical Risk Redot{ichem RRV).
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2.3. Soil pore water and plant analysis

Dried shoots were ground (< 1.0 mm particle size, Retsch MM200) then weigipeats(0.5 g DW
pot!) were wet digested under microwaves (CEM Marsxpress DA0®@ith 5mL suprapure 14M
HNO; and 2mL 30% (v/v) kD, not stabilized by phosphates. Certified reference material (BIPEA
maize V463) and blank reagents were included in akseMineral composition (Al, B, Ca, Cu, Fe,
Mg, Mn, P, K, Na, and Zn) in digests was determined byN3(Thermo X series 200) at the INRA
USRAVE laboratory, Villenava'Ornon, France. All elements were recovered (>95%) according to the
standard valuesnal standard deviation for replicates was <S¥oot Cu removakas calculated as: Cu

(ug plantt) = shoot DW vyield (g plart) x shoot Cu concentration (ug Ww).

23 months after the soimendmentthe soil pore water (SPW) was collected in all potshefore the

harvest oP. nigraandA. donaxMarch 2016, three times 10 mL) using Rhizon MOM moister samplers
(Eijkelkamp Agrisearch Equipment, The Netherlands) placed in January 2016 and samples kept at 4°C
prior to their analysis. The pH, electricahcluctivity (EC), and Cti concentration in the SPW samples

were determined using electrodes (Hanna instruments, pH 210, combined electrode AfB8%gCl
Tetracon 325 WTW, and Cupric ion electrode, Fischer Bioblock, USA), respectively. Aluminum, B,
Ca, Cu,Fe, Mg, Mn, P, K, Na, and Zn were analyzed by-@PS (Varian Liberty 200). Dissolved
organic carbon (DOC) in SPW samples was analyzed with a Shimadzu© TOC 5000A carbon analyzer.
The measurement accuracy was checked by performing calibration with a dtaefdegnce solution

of potassium hydrogen phthalate (KHP) at a concentration of 1000 mgFdur DOC measures were
performed for each SPW solution. The SPW composition was compared to previous values reported by

Oustriere et al., (2016a) for the sanmplanted soil treatments 3 months after soil amendment.

2.4, Statistical analysis

Influence of soil treatments on SPW parameters, shoot DW yields, shoot ionome and element removals
were tested using oreay analysis of variance (ANOVAS). Shoot DW yieldslahoot ionome of both

plants were tested separately. Normality and homoscedasticity of residuals were met for all tests. When
significant differences occurred between treatments, multiple comparisons of mean values were made
using posthoc Tukey HSD test Differences were considered statistically significant at p<0.05. When
element concentrations were below the detection limits in the Unt samples, influence of soil treatments
were not statistically tested. All statistical analyses were performed ussoffare (version 3.0.3,

Foundation for Statistical computing, Vienna, Austria).

129



SHVXOWYV

3.1. Soil pore water
3.1.1. pH, EC and nutrient concentrations (Table 3

The Unt soil has a neutral SPW pH (Table 3). At month 3, biochar alone (B) and edmliih iron

grit (BZ) significantly increased the SPW pH (i7e3 + 0.08 and 7.6 + 0.05, respectivelgyl decreased

the SPW ECKS cm?) albeit not significantly (i.e483 + 51 and 477 + 110 respectivelj month 22

with A. donaxthe SPW pH and EC se significantly in all soil treatments froén9 + 0.1 (Unt) to 8.1

+ 0.2 AdBZ) for the pH and from 1024 + 117 (Unt) to 2037 + 28dRZ) for the EC In thePn and

PnBZ treatments, the SPW pH did not differ from that of the Unt soil whereas it remagteat m the

PnB soil (i.e.7.5 £ 0.06) The SPW EC increased in tReB soil (Month 22) as compared to the B soill
(Month 3). The SPW Ca concentration decreased in the B and BZ soils at month 3 and in all planted
soils at month 22 as compared wiktie Unt ®il. The SPW Fe and P concentrations remained below
their detection limit, except for P in the B soil. At month 3, the SPW K concentration increased in the
B and BZ soils but it decreased at month 22 for both plant species in all soils, and the SPW Mg
coneentration as well. The SPW Na concentration was significantly lower in the soils plantedl with

donaxas compared with the Unt soil.

(A)o ~ E Month 3 Month 22

4 on onf
£ 2] Month3  Month22 ~ Month3  Month22 0= ab
- @ =
Do A < 3 -
g Z \baf S ;.5 had be
= = O 7] cd

€

0O <o . b O« < 4 d
A~ ¢ B = 3 o cf
B = 2 Q-4 N ef f
4 E 5 @ =
n o ‘Ut B BZ Pn PnBPnBZ Ad AdB AdBZ

Ut B BZ Pn PnBPnBZ Ad AdB AdBZ Unt BZ Pn PnBPnBZ Ad AdBAd

Fig. 1.(A) DOM, (B) total Cu and (C) Cti concentrations in the soil pore water; Cu contamin:
soil (Unt, white) amended with either biochar (B) or biochar plus iron grit (BZ) in the
contaminated soil cultivated withopulus nigra(Pn, grey) ofArundo donaxAd, black), alone anc
amended with either biochar (PnB and AdB) or biochar plus iron grit (PnBZ and AllIBZ) values
per treatment (n = 5, Unt: n = 6). Values with different letters differ significantly (one way AN(
p-value). <0.05).
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Table. 3.Comparison ophysicachemical parameters of soil pore wat&sand 22 monthaftersoil amendment

Treatmeits (uS cm?) Nutrients(mg L?)

pH EC Ca Fe K Mg Na P
SPW Month 3
Unt (n=6) | 6.9+0.1f 1024 + 117 cd | 143 £ 3% <0.02 14+5hb 5+2a 12+ 3ab <0.2
B (n=3) | 7.3+0.08def |483+51d 59 + 5b <0.02 43 +11a 3+03a 13+2a 0.3+ 0.05
BZ (n=3) | 7.6 £ 0.0%cd | 477+110d 46 + 20b <0.02 53 + 16a 3+1lab 17+ 6 a <0.2
SPW Month 22
Pn (n=5) | 7.1+ 0.1 ef 890+171lcd |25+0.5c <0.02 4.1+0.5¢ 11+0.2 9.7+ 1.9abc <0.2
PnB (n=5) | 7.5 +0.06cde | 1299+ 118 bc | 3.4+ 0.3 <0.02 6.3+£0.8bc | 1.4+0.1bc |129+11a|<0.2
PnBZ (n=5) | 7.2 £ 0.1 def 755+ 231 cd 2.1+0.6c <0.02 4+1.1c 11+0.2c 5.7+ 2.8bcd <0.2
Ad (n=5) | 7.9 + 0.2abc 1737+ 30ab | <0.5 <0.02 1+0.3d 0.8+ 0.4c <05 <0.2
AdB (n=5) | 8.0+ 0.3ab 1819+ 52%b | 1.1+0.5¢ <0.02 1+ 0.5de 1.3+0.2bc |3.8+3.9d |<0.2
AdBZ (n=5) | 8.1+0.2a 2037 + 284 0.8+ 1.1c <0.02 0.5+£0.3 1.1+ 0.6c 1+15d <0.2
Common values in sandy soil
(Oustriere et al., 2016 - - 143 + 66 0.05+0.01) 27+ 44 21+11 63+ 12 5+2

SPW: soil pore water; Mean value £ SD for each treatment. Values with different letters differ significantly (one waypAN@iéA 0.05). Mean values followed by letters
in bold are signifiantly different as compared to the Unt soil.
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3.1.2. DOM, Cu and Cti(Fig. 1. A, Band C)

The DOM concentration in the SPW peaked in all soils cultivatedAvittonaxpeing3 - 5 fold higher
than in the Unt soil (Fig. 1. A, B and C). In tRaandPnB soils, the DOM increased significantly, i.e.
(mg L) 24 + 7 Pn) and 23 = 2RnB) relative to the Unt soil (13 * 4). Total Cu concentration in the
SPW (mg L'Y) peaked in thedd and AdB soils (i.e. 0.53 + 0.18 and 0.68 + 0.26, respectively) as
compared tahe Unt soil (i.e. 0.22 + 0.05). Conversely, adding Z into the Unt soil significantly
decreased the SPW total Cu concentration only idtiBZ soil relative toAdandAdB. All treatments,
except thePn soil, significantly decreased the SPW2Cepncentréion ascompared to the Unt soil (i.e.
14.9 + 5.3).

3.2. Plants
3.2.1. Plant growth parameterEi@. 2 A and B)

At month 22, the root and shoot DW yieldsRafnigraandA. donaxfor the Band BZamended soils

did not differ from those for the Unt s¢ffig. 2 A and B). The root DW yields (mg DW plahtanged

from 17 + 11 to 29 + 9 fdP. nigraand from 57 + 12 to 84 + 14 fé. donaxwhereas the sho@Ww

yields (mg DW plant) range from 19 + 7 to 25 + 11 fBr nigraand from 22 + 4 to 26 + 3 fér. donax.

ForA. donaxtheshoot DW yield produced at month 10 (Cut 1) was lower than that harvested at month
22 (Cut 2).
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=0 L0, | 1
= a =
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S —~o
A l 2.
-
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S =
A (=T [ o K== — =
Pn PnBPnBZ Ad AdBAdBZ Pn PnB PnBZ Ad AdBAdBZ

Fig. 2.(A) Root and (B) shoot DW yields &. nigra(Pn, white, month 22) ané. donax(Ad, grey,
and black) (mg DW plarl) at morth 22 in the Ctcontaminated soil (Unt) and in the soil amended with
either biochar®nB andAdB) or biochar plus iron gritRnBZ andAdBZ). The grey bare correspond to
the biomasst month 10 (Cut 1Mean values per treatment (n=5). Values with diffefetters differ
significantly (one way ANOVA, pralue <0.05).
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Table.4. Shoot ionome and shoot Cu removaPohigraandA. donaxat month 23n = 5)

Shoot nutrient concentrations

Shoot metal concentrations

Treatment| Cu (g kgh) (mg kg?)

Shoot Cu Shoot Cu

concentration| removal

(mg kg'DW) | (ug plant?) Ca Fe K Mg Na P Zn Mn
Pn 51+0.7a 2604 a 53+1.1a]0.019+£0.005a|58+03a]087+0.2149 1.06+x0.28a |1.24+0.48a |25+x6a 8+x2a
PnB 43+04ab [22+02ab|51+09a]|0.015£0.002a|6.6+1.1a|0.89+0.1249 0.68+0.29 ab|] 1.2+ 0.16 a 25+8a 104+ 4a
PnBZ 4.0+ 0.5b 2.0+0.20 48+09a|0.016+£0.003a|l65+1a 0.84+0.12 49 0.47 £ 0.1% 1.24+0.19a | 32+t6a 98+2a
Ad 44 +0.70 2.2+ 0.4b 28+16a]0015+0.003a|6.1+1.2a]1.49+0.639 0.19+0.05a [0.16+£0.03a |6+t4a 13+7b
AdB 7.0x2a 35+x12a 3.2+08a]0.016+0.004al83+1.4a]168+04349 0.25+0.1a 0.25+0.06a [9+x5a 14+6b
AdBZ 52+1ab 26+05ab [ 3.2+07a | 0021+0.007a|8.7+26a|1.77+0.284 0.2+ 0.09 a 0.19+0.03a | 7x5a 32+ 2a
Common
values * | 3 £20 - 1 £50 0.02 +0.3 20 50 1.5 £3.5 - 1.6 #6.0

Mean value £ SD for each treatment. Values with different letters differ significantly (apéAINOVA, palue <0.08)* (TremelSchaub and Fei2005)
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3.2.2. Shoot ionome (Tabig

Shoot Cu concentration 8f nigrawas significantly lower for thEnBZ plants relative to thBnplants

(Table 4). FoA. donax the shoot Cu concentration was sfigiaintly higher for theAdB plants relative

to theAd plants. Shoot Cu removal slightly dropped for BERBZ plants relative to then plants and
significantly increased for th&dB plants as compared to tAel ones, mainly due to changes in shoot

Cu concatration. Shoot Ca, Fe, K, Mg, Na, P, Zn and Mn concentratiopspér and Giant reed were
globally similar on the amended and untreated soils, except two significant cases: shoot Na
concentration was lower for thBZ plants relative to thEnones, ad shoot Mn concentration higher

for the AdBZ plants as compared A plants. ForA. donax shoot element concentrations for the Cut

1 were globally higher than those for the Cut 2. Only shoot Na and Mg concentrations were higher for
the Ad andAdBZplantsof Cut 2 relative to plants harvested in Cut 1 (Supplemental material 1.).

'LVFXVVLRQ

Due to biogeochemical reactions between soil phases, amendments, and biological organisms, the
behavior of chemical elements (e.g. Cu) in amended soils may cheagtenae which is referred as
3DJLQJ" .RRNDQD 30DQW UKL]J]RGHSRVLWLRQ DQ®uUDVVRFLD
speciationgspecially when cultivated in a lotigne basigMerino et al., 2015). Here, we discuss the

aging effect on the @tiency of biochar, alone and combined with iron grit, and how plants and
amendments may influence Cu (im)mobilization and crop productivity for thiso8taminated soil

from a wood preservation site.

4.1. Soil pore water
4.1.1.Composition at month 3

At shortterm (3 months), the B amendment decreased €uncentration while the BZ combination
reduced both Ctiand Cu concentrations in the soil pore water (Oustriere et al., 2016a). In the B sails,
the decreased SPW €woncentrations were associateith increased soil pH and SPW P and DOM
concentrations and decreased SPW Ca concentrations. BasedagnaKsorption fine structure
spectroscopy (XAFS), Ctisorption onto biochar is pH dependent (Ippolito et al., 2012). FréenGy

have (1) form innesphere complexes with the active functional groups of biochar surface in line with
SPW pH, (2) precipitate with phosphates and carbonates based on biochar composition (Tab. 2), and
(3) form soluble Cu complexes with DOM increasing total Cu concentratitreiSPW. Adding Z in
combination with B increase soil pH. In the BZ treatment, fre& ©as may primarily be sorbed on
Fe/Mn oxyhydroxides, potentially by bidentate innephere complexes with Fe (hydr)oxides
(Oustriere et al., 2016a; Tiberg et aD1B).
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4.1.2 Compositiorat month 22

Poplar and aging effect poorly affected pH, DOM and total Cu concentrations in the soil pore water
(Tab. 3; Fig. 1), which agreed with previous studies: pH and total Cu in the SPW did not change over
36 months in a gg-contaminated soil at Aznalcazar, South West of Spain, cultivatedRoejphlus

albalL. (Ciadamidaro et al., 2013); pH and total Cu in the SPW were similar after 5 years in the untreated
and composamended field plots cultivated wiBppulus trichocarpx deltoidescv. Beaupré at the P7
subsite (soil contamination with Cu and PAHS) of this wood preservation site (Mench, unpublished
data). Some studies on biochars supported the lack of aging effect on pH and DOM and total Cu
concentrations in the soil porwater:in a PAHcontaminated soil, soil pH remained steady after
artificial chemical, biological, and physical aging of corn stover residagged biochar (Hale et al.,
2011). The soil pH was kept between 7.9 and 8.1 oveyeafperiod in a (Ni/Zncontaminated sail,
amended by broadleaf hardweddrived biochar, Castleford, UK, (Shen et al., 2016). After 3 years,
SOM and (CaG)-extractable Cu concentration were stable in a (Cuf@djaminated soil from a
former Cu mine, amended by cestrawderived biochar (Li et al., 2018. At month 22, the SPW Cu
concentration increased in tReB andPnBZ soils as compared to the B and BZ ones (at month 3) (Fig.

2). This might be explained by: (1) less potential precipitation with phosphates in line witrSBY&

P concentration in thEn soil than in the B one, and (2) decrease ofsibmtion capacity of biochar

over the time (Martin et al., 201 0zada et al. (2008) suggested that'Garption on biochar surface

was easily reversibl&Vhen biochar agethe proportion obxygencontainingacidicfunctional groups

(e.g., COO COH and OH)ncreases on the biochar surface increased, while carboxyl groups slightly
decreased (Nguyen and Lehmann, 2009; Guo et al., 26ddfyibuting to the negative chargetbé

biochar. Their association with cations (i.e. Ca, K and Mg)line with the low SPW cation
concentrationgTab. 3), and strong affinity for water and DOM may decrease the sorption capacity of
biochar for freeCl?* (Li et al., 201). In addition, gadual coating and interactions with organic and

OM and inorganic phases (Sorrenti et al., 2016) and microbial colonization may decrease the reactivity
of the biochar surface. After 4 years, aging increased biochar skeletal density and reduced the water
imbibition rate within fragments as a consequence of partial pore clogging (Sorrenti et al., 2016). The
cation exchange capacity (CEC) and adsorption capacity of Cu(ll) on the aged biochar were smaller
than those of new biochar in a 300 day incubation tinteepperiment Guo et al., 2014)}ere, aged
biochar particles after cultivation could be further retrieved from the amended soils to assess their

composition and reactivity and evidence the main mechanisms.

Enhanced SPW pH and DOM concentration in allraoheel soils planted witA. donaxTab. 3; Fig. 1)
agreed with an increase in soil pH#5%) after a dnonth cultivation ofA. donaxon red mud
contaminated soil (Alshaal et al., 2@)3Change in SPW pH may partly result from root activity,

imbalance uptee of anions (e.g. N§) vs. cations increasing the rhizosphere pH in the basal root zone
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(Hinsinger et al., 2003; Bravin et al., 2009; Qasim et al., 2016). Calcium uptake by plant, in line with
low SPW Ca concentration (Tab. 3), may initiate a furtheiocadesorption from the solid phase,
promote H sorption and increase soil pH. In addition, increased SPW pH may be related to the higher
SPW DOM concentration (Fig. 1; Zhang et al., 2014), which was previously reported in soils cultivated
with A. donax(Riffaldi et al., 2010). DOM may originate from decayed plant litter, microbial and root
depositions, and hydrolysis of insoluble SOM (Haynes, 2005). No leachate from plant litter was
produced here as shoots were harvestedi bdbnaxformed a dense mat adots and rhizomes in the

soil (Fig. 2). Giant reed rhizodeposition can highly contribute to SOM available for microbial activity
and the DOM pool (Cattaneo et al., 2014; Nsanganwimana et alg; 20adti et al., 2016). Enhanced
microbial activity may siulate both the degradation of SOM and production of microbial DOM
(Kiikkila et al., 2012; Hagedorn et al., 2015).An donaxcultivated soil, pH increased between 7.9 +

0.2 (Ad) and 8.1 £ 0.2AdBZ) as compared to the Unt soil (i&9 + 0.1) which ma promote DOM
solubilization (Fang et al., 2016). At month 22, the SPWe@ncentration increased in thd andAdB

soils as compared to the B and BZ ones (at month 3) (Fig. 2). Enhanced DOM concentration may form
solublecomplexes with Cu and increase BPW concentratio(Beesley et al., 2010arami et al.,

2011) Here, Giant reederivedDOM may act as competitive ligands preventi@g retention on
biochar surfaces (Beesley et al., 2014). In paralligh ageing, negative charges on biochar surface
may form direct or indirect surface complexes with soil components. In additiating of DOM may

gradually mask sorptive surfaces, thus limiting Cu sorption (Pignatello et al., 2006).

In contrastthe SPW C#& and Cu concentrations in theBZ andPnBZ soils were lower than in the
untreated and bioch@mendeeboils cultivated withA. donaxandP. nigra albeit not significantly for
Cu?*ascompared té&\dB andPnB. The SPW Ct and Cu concentrations in tAeBZ andPnBZ soils

at month 22 were as low asthe BZ soilat month 3 after soil amendment, albeit not significantly for
CU?*in the AdBZ soil. Cationic metal species such ag'Gu DOM-Cu complex have high affinity for
Fe oxides and can sorb on the newly formed Fe and Mshgdsoxides after Z coosion in the soil
(Kumpiene et al., 2008; Komarek et al., 2013). The sorption of Cu on Fe and Miydroxides is pH
dependent with stronger sorption at high pH. The additional liming effect of biochar can favor the net
negative surface charge of Fe and bky-hydroxides and enhance Cu sorptidiberg et al. (2016)
investigated Ctcontaminated soils collected in untreated artdedted plots at our sampling ssibe
after 6 years: the bound Cu was primarily associated to SOM in the Unt soil whereasaghtiah
and increased soil pH, Cu sorption shifted towards metal (hydr)oBdsed on the CGterrihydrite
EXAFS spectrum, Cu was found to primarily bind as irsprere bidentate complexes with iron
(hydr)oxide (Tiberg et al., 2016).
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4.2. Plants

At month 3, this biochar alone and combined with iron grit did not promotedhand shoot yields of
dwarf beansQustriere et al., 2016aAt month 22, this result was similar f&. nigraandA. donax
(Fig. 2) and agreed with some studiesot and shodbiomass produced Hyolium multiflorumLam.

was unchanged in a (Cd, Zn, and4bhtaminated soil amended with 1% miscanttiesvedbiochar
after 28 days and 56 days (Houben et al., a0J.3After 2 years, grain yields and biomassndfeat
were not affeted by both rate 10 and 40 t“haf wheat strawderived biochar addition in a Cd
contaminated paddy soil (Cui et al., 201@grminationof grass (mix ofestuca rubra.. andLolium
perennel.) on sitefailed in a 3year field experiment on a contamindi@i/Zn) soil amended with
broad leaf hardwooderived biochar (Shen et al., 2018gre, despite HSN suppl€a, Fe, K, Mg and

P subdeficiencies might be suggested as their concentratioRs tifigra and A. donaxshoots were
below or in the low rangesaompared to common valu@gemelSchaub and Feix, 2005, Table 4)
At month 22, Ca, Fe, K, Mg and P concentrations in the SPW were low as compared to common values
in sandy soil (Table 3), likely due to (1) reaction with soil and amendment phases 6Chéng014),

and (2) root uptake. Nutrient concentration®\irdonaxshoot even decreased between the Cut 1 and
the Cut 2 (Supplemental material 1). It may reflect a dilution effect as shoot DW yield incrElased
shoot Cu concentrations Bf nigraand A. donaxmg kg') were similar across the treatments, ranging
from 4.0 £ 0.5PnBZ) to 7.0 £ 2 AdBZ) (Table 4), and in the range of common valuesa3 mg kg

!, TremetSchaub and Feix, 2005). Stem and foGar concentrationsifg kg'*) reached.21 and 7.17

for A. donaxon a polycontaminated urban stream (Bonanno et al., 2013). Shoot Cu concentration
ranged between 7 and 17 mgkig P. albagrown for 3 years in a Geontaminated soil (Ciadamidaro

et al., 2013)Giant reed and poplars are Cu exchsdmccumulating Cu in their roots, which may explain
their low shoot Cu concentration (Kabdandias, 2001Bonanno et al., 2013; Ciadamidaro et al.,
2013; Elhawat et al., 2014).

4.3. Practical implication

Effect of plant species: Giant reed was mdficient thanP. nigrato decrease Ctiexposure in its
rhizosphere but increased total Cu concentration in the soil pore water, which may potentially enhance
Cu leaching from the root zone (Fig. 1). After 2 yeRrsqigradid not contribute to Cu immoligiation

(Fig. 1). Without soil amendment, both plant species were unable to stabilize Cu in excess.

Effect of soil amendment: combining iron grit with biochar promoted Cu stabilization but not the growth
of A. donaxand P. nigra An additional fertilizatbon may be required. Lorgrm field plotsmust
investigatethe sustainability of Cu stabilization, biomass production offiood crops and the life

cycling of such phytomanagement option.
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After a 22month reaction period, the SPW Cuoorcentration increased again in the B and BZ soils
cultivated withP. nigraas compared to its value at monthCailtivation of A. donaxincremented the

DOM concentration in the soil pore water. Such high SPW DOM concentration in the Giant reed
planted soilswhich may induce the formation of €@OM complexes, matched with a decrease &f Cu
concentration but increased total Cu concentration in the soil pore Wwategrit with biochar was

more effective to stabilize soil Cu than biochar alone with Botdonaxand P. nigra cultivation

Biochar alone and combined with iron gtitl not promote the root and shoot yieldg\otflonaxandP.

nigraas compared to the untreated soil but the shoot Cu concentrations were in the common ranges for

both plants.
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Table. Supplemental material 1. Shoot ionome and shoot Cu remavatiohaxat month 10 (Cut 1, n = 5)

Shoot nutrient concentrations Shootmetalconcentrations
Treatment | Cu (g kg?) (mg kg?)
Shoot Cu Shoot Cu
concentration | removal
(mg kg* DW) | (ug plant) [ Ca Fe K Mg Na P Zn Mn
5.8+3.3]0.023+0.005|12+3
Ad 76+23a 0.11+0.04 4 a a a 1.3+0.7a| 0.18+0.07a| 0.48+0.144 13+4a | 17+11a
0.036 +0.013]| 143
AdB 6.8+18a 0.09+0014 7+x1.2a|a a 1.8+04a|0.28+0.179 046+0.1849 13+7a |16+11la
4,1+17]0.027+0.003]|14+2
AdBZ 82+22a 0.14+0.054 a a a 1.3+0.4a| 0.12+0.04a| 0.47+0.089 20+8a |37+ 16a
Common
values* | 3 +20 - 1 50 0.02 +0.3 20 +50 | 1.5 ¥3.5 - 1.6 #6.0

Mean value £ SD for each treatment. Values with different letters differ significantly (one way AN@lde g0.0% *(TremelSchaub ad Feix, 2005)
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Part . 2. Biomass production with (essential) metal(loid)
concentrations within the common ranges usable by local biomass
processing chains

2.3. Implementation of the remediation strategy in situ

2.3.1 Additional information - Phytomanagem ent of a Cu -contaminated soil at a
wood preservation site using Giant reed, poplar, and biochars, alone and combined
with compost: in situ assessment of soil phytotoxicity with Vicia faba L.

May-> June |
2016

¥

u e
.5 % biochar

§5 Y% biochar +
/5% compost = °
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e T

Fig. D. Graphical abstractAdditional information
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Ph ytomanagement of a Cu - contaminated soil at a wood
preservation site using Giant reed, poplar, and biochars,
alone and combined with compost: in situ assessment of

soil phytotoxicity with Vicia faba L.

Nadege Oustrierg Lilian Marchand, Michel Mench

(1) UMR BIOGECO INRAZ22DIVERSITY AND BEJNONING OF COMMUIEIS, UNIV. BORDEAUX,
BAT. B2, ALLEE GERBF SHILAIRE, CS500233615 PESSAC CEMRANCE.

E-mails: oustriere.nadege @gmail.comarchand.lilian@gmail.cormench@bordeaux.inra.fr

Abstract

A biochar was used, alone and in combination with greenwaste compost, as amendment to improve soil
propertiesand in situ stabilize Cu in a contaminated $884 mg Cu kg) from a wood prservation

site The pot experiment consisted in 3 soil treatments plantedAritido donas.. andPopulus nigra

L.: (% w/w): untreated Geontaminated soil (Unt); Unt soil amended with biochar alone (2.5%, B) or

in combination with compost (5%, BC). Aftar5month growth period, the maximal shoot height of

A. donaxandP. nigrawas unchanged in both amended soils as compared to the Unt soil. Conversely
root and shoot DW yields dficia fabasignificantly increased in the @ontaminated soil amended

with biochars alone or in combination with compost. $heot Cu concentration W. fabafrom the B

soils only slightly exceeded its common values in pldrtgs experiment highlighted how the biochar,
alone and in combination with compost, is ablpriamotethe production o& biomass on site with low
shoot Cu concentration. Further researches are needed on-test@minated site and new measures

of plants growth will be repeated next year.

Keywords:Giant reedPoplar, Copper contamination, In situ expemt, Phytomanagement
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,QWURGXFWLRQ

Soil Cu contamination at woqgateservation sites frequently resulted from long term use digSed

salts as wood preservatives and wood washings (Bes and MenchQO2@0&re et al., 2016&fopper
excess in tpsoils can enhance its concentration in the labile soil pool and in tissues of biological
receptorgBakshi et al., 2014)n situ stabilization is the incorporation of amendments into the soil to
immobilize contaminants. It aims to reduce horizontal aedical migration of contaminants by
reducing their labile pool, limiting exposure of rhizosphere organisms, and promoting a plant cover
(Kidd et al., 2015). It can beombined with the culture of metekcluder plants and thesissociated
microorganismgo improve soil stabilization (i.eided phytostabilization}siant reed Arundodonax

L.) and Poplar RPopulus nigraL.) are both Cu excluders, which may help to stabilize soil Cu
contamination. Biochars are carbaoh carbonized residues produced by wdsiomass pyrolysis
under high temperatures and mid to low oxygen (Lehmann, 2007). As suggesBesddgy and
Marmiroli (2011),combining amendments with biochar may be more efficient than biochar alone for
the remediation and revegetation of contaminatgits. In previous pot experiments, decrease in Cu
exposure following biochar and compost amendment were reported ie@@minated soil (964 mg

Cu kgh) from a wood preservation site (Bes and Mench, 2008): a poplar-eaoad biochar (2.5%

w/w) in combination of compost (5%) decreased Cu concentration in the soil pore water (SPW) and
highly improved root and shoot yields of sunflowéte(ianthus annuud..) (Jones et al., 2016).
Moreover, in a 3nonth pot experimenpine bark and poultry manuderived biochars (1% w/w) in
addition with compost (5%) can decrease soil pore water (SPW)cGucentration Qustriere et al.,
2016a) In a 2 year pot experiment, the Contaminated soil amended with pine bhr&cchar and
cultivated with either Giant reedAundo donaxL.) or poplar Populus nigral.) also displayed a
decreased SPW E&iconcentrationQustriere et al., 2016bJ he reliability of pot studies for predicting
results at the field scale is not always accurate, as pot environments differ frooofigitions, mainly
through the edge effect, changes in climatic conditions, and establishment of roots in the subsoil. Results
obtained in pot experiment could hardly be extrapolated directly to the field to evaluate whether the
combination of biochar andompost cultivated with Giant reed and poplar is a relevant option for
reducing soil phytotoxicity and soil phytomanageménplementing smaidscale field plots may allow

to detect potential failures of selected phytomanagement options due-tedongpanges, such as the
ageing of the amendments added to the soil,-ameaual climate variability, pest attacks, deposition
and accumulation of litter, release of soluble organic matter, and changes in animal and plant
communities (Kidd et al., 2015). Théoee, to investigate the in situ effect of biochar, alone and
combined with compost, we have implemented on-&@&@uaminated soil, at\veood preservation site,

six field plots cultivated with Giant reed and poplar. As an in situ plant testhnges irsoil
phytotoxicitywas assessed with broaéan Yicia fabal.) by determining itsoot and shoot dry weight

(DW) yields and Cu uptakie aerial plant parts
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ODWHULDO DQG OHWKRGYV

2.1. Soil, biochars and compost

The wood preservation site (aboutli®) SaitOpGDUG Gf(\UDQV *LURQGH 6: )UDQFF
f . KDV EHHQ X\éh@ry] Rith vanotsUCtiased salts (mainly Gsulphate

based on the duration and amount used) as wood preservatives (Mench and Bes, 2009). Its texture i

sandy, i.e. 85.8 % sand, 5.9 % clay, and 8.3 % silt, with 1.3 % OM, C/N 16, neutral pH (7 £ 0.09) and

a low CEC (2.5 cmol k@). It is mainly contaminated by QTab. 1, Oustriere et al., 204 which

largely exceeds its median and upper whisker backglealues in French sandy soils, but its total soil

As and Cr are at background levels (Table 1, Baize, 2000; Villanneau et al., 2008). The commercial

biochars(Florentaise SaintMars-du-Désert France)was produced using pine bark \pgrolysis at

420°C for 170 s Soluble salts were not removed from biochars (Table 2). The compost (C) made from

green wastes (82 months) was purchased from Gonzales fréres, Martignadadler France.

Elemental composition, carbon content and PAH concentrations of ksoelmal compost were

GHWHUPLQHG DW WKH ,15%$ /DERUDWRLUH GT1$QDO\WVHV GHV 6ROV

(INRA LAS, 2011) (Table 2).

Table.1. Main soil properties

Parameter

Mean + SD  Background level$

Risk assessmentremediation
needed

pH 7 +0.09 6.60

CEC 25+0.2

P.Os (g kg' , Olsen extractable] 0.03 + 0.002

Organic matter (g k§ 13+04

Organic C (g k@) 8+0.3 14.5

Total N (g kg') 0.5+0.01

CIN 16 £ 0.2 10.02

Texture (g kd )

Sand 858 .

Silt 83 i

Clay 59 i

Total TE (mg kd)

Cr 21+0.7 1440 250
Cu 964 + 20 3.28.4 100
Ni 5+0.3 42445 100
Zn 37+1.6 1748 500
As 7+04 1258 30
PAHs (mg kd')

Fluoranthene 1.9 0.4 10400
Indeno[1,2,3cd]pyrene 0.95 0.018.015 1
Benzo[g,h,i]perylene 0.8 140
Benzo[b]fuoranthene 0.8 0.1 1

A Frequent total concentrations
INDIQUASOL, 20186).

in French sandy topsoils (Bdi287; Baize, 2000; Villanneau et al., 2008,

B Frequent total As concentrations for all French soil types (Bes and Mench, 2008).
€ Québec guidelingfor risk assessment and remediatidrand Protection and Rehabilitation Regulation (2016).
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Table.2. Composition of soil conditioners. In bold, values exceeding the

European Biochar Certificate

(EBC) V4.8 thresholds

Biochar EBCA IBI B Compost

(B) ©)
pH 9.89 - - 7.53
CEC(cmolkg? 1.23 - - 26.7
Major elementg% DW)
H 0.8 - - -
TotalN 0.3 - - 0.69
S 0.03 - - -
Cl 0.01 - - -
OrganicC 90.3 >50% 10.9
Nutrients(g kgl)
Ca 18.6 - - 22.5
K 13.8 - - 5.4
Mg 29.9 - - 1.9
Na 0.389 - - -
P 0.105 - - 0.374
Elementgdmg kgt)
Al 1650 - - 12700
As 0.461 - 12-100 4.47
Cd <0.5 1 1.4-39 <0.5
Cr 45.9 80 64-1200 21
Cu 230 100 63-1500 85.8
Mn - - - -
Fe 4470 - - 6830
Hg <0.1 1 1-17 <0.1
Ni 28.3 30 47-600 7.98
Pb 2.61 120 70-500 51.5
Zn 50.5 400 2007000 174
PAHs(mgkg?)
Sum of 16 US EPA PAHS 163 4 6-300 <DL
Fluoranthene 7.48 - - <0.1
Benzo(b)fluoranthene 0.149 - - <0.1
Benzo(a)pyrene <0.2 - - <0.3
Naphtalene 101 - - <0.2

A (}oo}A]vP ~A]31 Eo v [-eddctioh Act (ZhemRRYV) on recycling fertilizers.

B Range of Maximum Allowed Thresholds reflects different soil tolerance levels for these elements in compost,
biosolids, or soils established by regulatory bodies in the US, Canada, EU and Australipé8dix Rpof the

IBI Biochar Standards for further information).
€ Corresponds to the PAH threshold defined in the Swiss Chemical Risk Reduction Act (ChemRRYV).
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2.2 Field trial

In May 2015,field plots @ mx 1.5m; n = 2 plots per treatméntvere impemented at the P3 subsite
(nearby the plant nursery) of the wood preservation site (Bes 20@8). The Ctcontaminated soll
was eitherunramended(Unt), amered by 2.5% biochar (B) or 2.5% B + 5% compost (BC).
Amendments werearefully incorporatedéhto the 00.25 m soil layer by ahallow ploughing using a
broadtined fork.In June 2015topsoi samples were collected from each @adindividually potted
(3kg). 1-yearold seedlingsof P. nigra (3 replicatesland A. donax(2 replicatey wereindividually
planted for allsoil treatmerg (30 pots)and placed in a greenhouse with controlled condit{@698 h
light/darkness65 + 5%relative humidity; 25+ 2°C) for acclimatizatiomhey werethentransplanted

to thefield in October 2015. Maximum shobeight was measured for both plant species. In May 2016
(year 1) changes irsoil phytotoxicity wereassessedroadbears (Vicia fabal., Vilmorin) were sown

(5 seeds/mit) in all pots, and cultivated during monthsin field conditionswithout irrigation. In
parallel,broadbears weresown in asimilar uncontaminateéluviosolin a kitchen garden, Gradignan,
Franceand used asnaincontaminated control (Ctriit the end of June 201&fter 2 monthghe shoots
and rootof V. fabawere harvestedyasha twice with deionized water, blotted with filter paper, placed
in paper bags and oven dried at 60°C to constant weight for 72h and then weighed for determining the
shoot and root DW yields.

2.3. Broadbeananalysis

For each |ot, dried shoots dhe five V. fabaplantswere ground (< 1 mm particle size, Retsch MM200)

then weighed aliquots (0.5 g DW) were wet digested under microwaves (CEM Marsxpre$¥)1200
with 5mL suprapure 14M HNQ, 2mL 30% (v/v) HO. not stabilized by phosphates and 1 mL MilliQ
wate. Certified reference material (BIPEA maize V463) and blank reagents were included in all series.
Mineral composition (Al, B, Ca, Cu, Fe, Mg, Mn, P, K, Na, and Zn) in digests was determined-by ICP
MS (Thermo X series 200, INRA USRAVE laboratory, Villenak®rnon, France). All elements were
recovered (>95%) according to the standard values and standard deviation for replicates was <5%. All
element concentrations in plant parts are expressed in mg or g BW kg shoot Cu removavas
calculated as followsCu (ug plant) = Shoot DW vyield (g plart) x shoot Cu concentration (ugg

DW).

2.4. Statistical analysis
Influence of soil treatments dhe maximal shoot height &. donaxandP. nigra, shoot DW yields
and shoot ionome of. fabawastested usingneway analysis of variance (ANOVASs). Normality and

homoscedasticity of residuals were met for all tests. When significant differences occurred between

treatments, multiple comparisons of mean values were made usingogo3iukey HSD tests.
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Differences vere considered statically significant at p<0.05All statistical analyses were performed

using R software (version 3.0.3, Foundation for Statistical computing, Vienna, Austria).

SHVXDWS/ 'LVFXVVLRQ

3.1. Maximal shoot height oA. donaxandP. nigra at month 5 after transplantation

After a 5month growth period, the maximal shoot heighfoflonaxandP. nigrawas unchanged in

both amended soils as compared to the Unt soil. The lack of beneficial effect of biochar and compost
onA. donaxandP. rigra growth (Fig. 1) agreed with Rodrigueila et al., (2014)Mackie et al., (2015)

and Oustriere et al., (2016b) who foumdchanged biomass productionBrassica junced., grass

crops andPhaseolus vulgarig. respectively, in Cicontaminated soils aended with compost and
biochar. In contrast, Jones et al., (2016) found an improvement of sunfldelanthus annuus.)

root and shoot yields for the same-@ntaminated soil also amended with 2.5% biochar and 5%
compost. This discrepancy may be duéitachar quality (the compost used in both studies was the
same). In Jones et al., (2016), it was a hardwood debiicathar pyrolysed at 525°C. In our study,
biochar was made from pine bark chips pyrolysed at 420°C. As reported by Jamieson et alth@013),
dissolved organic matter (DOM) released by a biochar depends on the raw material and the pyrolysis
conditions. Increase in pyrolysis temperature from 450 to 550°C decreased DOC concentration by more
than one order of magnitude (Uchimiya and Bannot32dncrease in DOM concentration, in the BC

soil can increase Cu concentration in the soil pore water, enhance soil phytotoxicity and decrease plant
growth (Oustriere et al., 2016a). Moreovar,donaxandP. nigra cultivation in the Cecontaminated

soil may enhance DOM concentration in the soil pore water astezpby (Oustriere et al., 2017

reinforcing the Cu phytotoxicity instead of decreasing Cu leaching and enhancing Cu stabilization in

the soil.
(;A‘) (E) Fig. 1. Maximal shoot
= = height of Arundo donax
_ a - (A) andPopulus nigra(B)
s T S _ (cm plant) after the 5
- a a — a month  growth  period
- | l - | a a Untreated Cu
~ —~ = T contaminated soil (Unt
s - £ . J_ black); biocharamended
= o | . soil (B, dark grey), anc
s g biochar +  compost
% n = ] amended soil (BC, ligh
= F = F grey). Mean values pe
= . = - treatment (n= @. nigra/
- = n=4 A. dmax. Values

Unt B BC Unt B BC  with different letters differ
significantly (one way
ANOVA, p-value <0.05).
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3.2. Soil phytotoxicity onV. fabaone year after soil amendment

Frequently, biochar addition into @ontaminated soils, alone and in combination with compast, ¢
increase plant yields and reduce shoot Cu concentration (Beesley et al., 2011). Here, root and shoot DW
yields ofV. fabasignificantly increased in the @ontaminated soil amended with biochars alone or in
combination with composE({g. 2 A and B). Tle root DW yields o¥. fabain the Ctrl soil and the BC
amended soil were statistically similar. Similaidlie shoot Cu concentration \éf fabadecreased in

both amended soil&ig. 3 A and B). It ranged (in mg K from 163 + 94 (Unt) to 24 + 16 (B)i@har

alone was more efficient than its combination with compost to decrease shoot Cu concentkation of
faba However, due to the high shoot DW yield, Cu removal was significantly higher in the BC
amended soil than in the B soil. These results confirmedecreased phytotoxicity for quinoa
(Chenopodium quinoaVilld.) in a sandy Ctspiked soil (Buss et al., 2012) and a reduced Cu
bioavailability in maize (Namgay et al., 2010) due to Cu sorption by the biochar. Here, shoot Cu
concentration iV. fabafrom the B soils slightly exceeded its common values in plart2(Bmg Cu

kg!, TremetSchaub and Feix, 2005) and for the BC soil was in the low range-sfr€sed plants
(20400 mg Cu g, KabataPendias and Pendiak984). In the BC and B soil¥, fabadisplayed a
marked decrease in root growth as compared to the Ctrl soil, correlated with the increase in shoot Cu
concentration. Nutrient deficiencies (i.e. Ca, Fe, K, Mg, and P) can be ruled out for this decrease as
their concentrations iW. fabashootswere for all biochar amended soils within the ranges of common
values (TremeBchaub and Feix, 2005, Tahlg However this agreed with Saadani et al., (2016)
reporting thav/. fabaaccumulates Cu primarily in the roots due to a low-togthoot Cu trarscation.
Increase in root Cu concentration \éf faba(i.e. 185 mg Cu k&) may result from the differential
hormetic dose responses of the antioxidant systems, HSP70, oxidatively modified proteins, and

proteolytic activities in the roots which lead tdecrease root biomass (Xu et al., 2015).

a -
A) ®B)
v
o~ I S s

T b T
S =+ =
[=5) [STRE I
Lo N ab
= = e
2 2
= > -
= = —
a A [an] iR b
bS] c S —
S S
75 ~

v

=3 C

d
—— - i
Ctrl Unt B BC Ctrl Unt B BC

Fig. 2. (A) Shoot and (B) root DW yields dficia faba(in g DW plant') after the 2month growth
period. Cucontaminated soil (Unt, black), amended with biochar (B, dark grey) or biochar + co
(BC, light gey), and uncontaminated soil (Ctrl, white). Mean values per treatment (n= 10/ n=5 fo
Values with different letters differ significantly (one way ANOVAyalue <0.05).
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Fig. 3. (A) Cu concentration (in mg Kyand (B) Cu removal (in mg pi&?) in the shoots o¥icia fabaafter
the 2month growth period. Gaontaminated soil (Unt, black), amended with biochar (B, dark gre
biochar + compost (BC, light grey). Mean values per treatment (n= 10). Values with different letter
significantly (one way ANOVA, gralue <0.05).

Table.3. Shoot ionome dficia faba

Shoot metal

Treatment| Shoot nutrientoncentrations concentrations

(9 kgh) (mg kg")

Ca Fe K Mg Na P Mn Zn
Unt 13+ 11

a 04+03a(14+11b(2+1b |06+05b|3+2a |93+x78a|64+31a
B 22+ 16

a 0.2+0.08b19+12aH4+2ab|1.2+0.8a |3+2a |59+39a|48+17b
BC 11+3a(03+01ab29+7a |5+2a |1.3+04ab4+1a |36+11a|53+13ab
Common
values * |1 450 0.02 +0.3 20 50 1.5 +3.5]- 1.6 +6.0|50 #500 |10 +150

Mean value + SD for each treatment. Values with different letters differ significantly (one way AN@Alde p
<0.05). Mean values followed by letters in bold are significantly higher as compared to the Un{Bame}
Schaub anddix, 2005)

&RQFOXVLRQ DQG SHUVSHFWLYHYV

The incorporation of biochar (2.5% w/w), alone or in combination with compost (5% w/w), has the
potential to increase root and shoot DW yield¥ diabaascompared to the kut soil, but only the shoot

yield was gnmilar to thatfor plants grownn theuncontaminated soil. THearvested shoots of the B and

BC plantsdisplayed shoot Cu concentration slightly abows common range. ThiBeld experiment
highlighted how the pinéarkderived biochar, alone and in combiion with compost, is able to
enhance root and shoot DW yields and redhesshoot Cu concentratiofdowever, in month 5A.

donax and P. nigra did no display any difference between the amended and untreated soils.
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Furthermore, as we wanted to minimib® management practice on site, we decided to irrigate the
plants only when necessary along the year. In August the industrial site in whptattbem is based
wasclosed and plant irrigation was impossible. Moreover, in summer 2016, Aquitaine faeedra

drought and the plants did not either grow this year and even some of them died. This emphasized the
importance of irrigation for soil revegetation. During their first years young plants must be irrigated
until their root system grown enough to eweo them in their water supply. Further reseaszdre
neeadon this Cucontaminated sitand new measures of plants growth will be repeated next year.
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Part. 2. Biomass production with
concentrations within the common ran
processing chains

(essential) metal(loid)
ges usable by local biomass

2.4. Summary

Reminder The European Uniohasestablished a directive to increase the productioreéwable
energy sourceandthe biofuel proportion by at least 10% by 2020, aiming at reducing global wa
and gradually displacing fossil fuels. Using arable land forfood crops is not an economically a
politically acceptable option, but valorizingarginal land (i.e. idle land, land contaminated
metal(loid) may be oneln Aquitaine, Bordeaux mixre effluent (BM, Ca (OH)+ CuSQ) is the
most Cubased fungicide used in vineyards, orchards, and some cash crdpEseatiusalts were long
time used as wood preservatives to control insects and fingbod preservation site, their long tin
use comhbied with washings of treated wood often results in soil Cu contaminatio@ V|
VWDELOL]DWLRQ PD\ EH LPSOHPHQWHG DW VXFK wétsyleid)
concentrationsvithin the common ranges. Biochars are carlioh cabonized residues produced

waste biomass pyrolysis under high temperatures and mid to low oXygending soils with biochar

can improve soil quality (i.e. CEC, pH, nutrient stock) while contributing to TE immobilization
combination of biochar witbther amendments such as compost and iron oxides may also be a
option to increase TE immobilization while buffering nutrient depletion in metal{tmdjaminated
soils, thudimiting soil phytotoxicity. However, before implementing a remediagption in the large
scale, advanced management procedures for contaminated land based on several phase
followed: (1) risk assessment, (2) option appraisal, and (3) feasibility and implementatio

remediation strategy.
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A pot experiment aimedt assessing the potential benefits and drawbacks posed by adding biochar

derived from either animal or plant feedstocks, i.e. poultry manure and pine bark chips, compost and

iron grit, alone and in combination, in a-€antaminated soil from a wood presation site Part 2,

Chapter 1). A biotest realized with dwarf beanBHaseolus vulgarit.) used as bioindicator allowed

to evaluate the effect of the amendment(s) on soil phytotoxicity. This case study showed how

tricky it

is to use biochar in a Gepntaninated soil, ast shoriterm DOM-Cu complexes may increase Cu

leaching out of the root zone, thus potentially increasing theefated pollutant linkages. The choice

of appropriate biochar and combinations of amendments may counteract thisTeéarist efficient

amendment, i.e. incorporation of pine baeived biochar in combination with iron grit into the-Cu

contaminated soil, allowed the highest decreases of free and total Cu in the soil pore water and shoot

Cu concentration, leading to the lowphltotoxicity.
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In situ stabilization of mongontaminated soil (i.e. Geontaminated) with biochar is somewhat easier
than for polycontaminated soils (e.g. Cd, Pb andc@mtamination) as the liming effect of biochar may
decrease the mobility of some taks while mobilizing some others (e.g. As). In a second study we
wanted to assess whether the relevant amendment to decrease the phytotoxicity-cbtfter@inated

soil was also effective in a Cd, Pb and Zn podyitaminated soil. A second pot experitnaimed at
investigating the efficiency of a biochar derived from pine bark chips, alone and in combination with
either compost or iron grit, to stabilize Cd, Pb and Zn in an agricultural, contaminated soil from the
Arnoldstein aredPart 2, Chapter 2). Once againthe incorporation of pine baiderived biochar in
combination with iron grit into this soil allowed the highest decrease of Cd, Pb and Zn concentrations
in the soil pore water, while reducing shoot Cd, Pb and Zn concentrations to fit the raogarain
values for plants.nl both studiesGhapters 1 and 2 incorporation of pine barkerived biochar in
combination with iron gridid not promote the growth of dwarf bedPh@seolus vulgarit.). These
studies were however implemented on the stemn (i.e. a 3month reaction period followed by a 2
week plant testing) and potential changes in the phytotoxicity of bi@handed soils need to be

considered over time.

Thus, in a third studyRart 2, Chapter 3), we evaluated the migtrm effect of ametting theCu-
contaminated soil with biochar, alone or in combination with iron grit on soil phytotoxicity during 2
years.As the costs associated with the phytomanagement option iusimgrit in combination with
biocharare relatively high, the culture ¢dist growing plant biomass is needed to provide additional
economical value and partly reduce the remediation costs. P&gpul(is nigra . and Giant reed
(Arundo donax.L) are two energy crops which can be used to phytomanage contaminated soils.
Potenial uses for their biomasses are multiple: (1) energy sector, (2) biochar production, (3) biosourced
(bio)chemistry including higivalue platform chemicals and biocatalysis, (4) lignocellulosic derived
bioproducts and (5) cellulosic and paper industryp@sticides (only foArundo donax Thus, we also

aimed at evaluating thfeasibility of growingpoplarsandgiant reedss relevant specider biomass
production in such in situ stabiliz€&tlrcontaminated soil. This case study shows how tricky it isséo
biochar in a longerm basis, as amendments and soil components evolve over the time and some biotic
and abiotic processes may remobilize the sorbed contaminant. Theéetongffect of biochar
amendment, with and without iron grit, depended on thevatdd plant species. CultivationAf donax
enhanced the dissolved organic matter (DOM) concentration in the SPW, which decreasétl its Cu
concentration but promoted its total Cu concentration. Cultivatiéh ofgraincreased the SPW €u
concentratia. In contrast to poplar, giant reed promoted the potential leaching of Cu out of the root
zone. Adding iron griwvith biocharinto the Cucontaminated sodounteracted the mobilization of total

Cu and Cé& concentrationsn the pots cultivated b.. donx andP. nigraas compared to biochar
alone. It also reduced the shoot Cu concentrations of poplar and giant reed to fit the range of common

Cu values for plant shoots. However it did not enhance the root and shoot yields of both species.
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The reliability of pot studies for predicting the growth and performance of plants in the field is often
inaccurate, because pot environments differ from field conditions, mainly through the edge effect.
Following pot experiments, it is thus commonly preconized to testséhected phytomanagement
option directly on site in field plots. This step will allow to detect potential failures of phytomanagement
option due to longerm changes, such as the aging of amendments added to the sednmial
climate variability, pst attacks, deposition and accumulation of litter, release of soluble organic matter,
changes in animal and plant communities (Kidd et al., 2015). Based on these studies and on literature
review, field plots amended with biochar, alone or in combinatioth wompost, have been
implemented at the Gecontaminated site used for wood preservafmmnassessing the sustainable
biomass production of poplar and Giant reed and the life cyclirmmai phytomanagement option.
These investigations are reported Aditional information ). In summer 2016, we faced a drought in
Aquitaine and the plant growth was affecté&tis in situ stabilization experimenustbe continued

next year withregular irrigation of young plants. Failure of the implementation of the in sit
stabilization strategghows why it is important to follow threanagement procedures for contaminated

land.
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Part . 3. Biomass production with high metal(loid) concentrations
able to integrate recovery Eco - catalysis processing chains

3.1. Option appraisal

3.1.1. Chapter 4 - Potential of macrophyter  oots for producing Cu - ecocatalysts

- == Shoot biomass production

% ==y RoOt biomass production

Biomass with Cu concentration
> 1000 mg Cu kg*!

Species selected to be planted
in the pilot-scale constructed
wetland
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Potential of macrophyte roots for producing Cu -
ecocatalysts
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Abstract

The abiity of Arundo donaxL., Cyperus eragrostid.am, Iris pseudacorusL., and Phalaris
arundinaced.. to produce Ctrich plant biomasgso-called Cuecocatalystphlong a Cuconcentration
gradient (0.08, 2, 10, 2&nd40 uM Cu) was assessedlatchconditions Copperexposire affected
the root DW yield ofC. eragrostisin the 2- 40 uM Cu range. This planspecies was not relevafuar
producing CeecocatalystPhalarisarundinacegroduced root and shoot biomas®ith concentration
lower than1000mg Cu kg' DW in the 0.08+40 uM Cu rangendwas notrelevantfor producing Cu
ecocatalystlris pseudacorugroducel ahigh shoot biomass with Cu concentratioithin thecommon
values anda root biomass withhigh Cu concentration. Thishoot biomass can integrategular
recoveringprocessing chains such as the energy sestando donaxdisplayed low root and shoot
biomasses with high Cu concentratioReot Cu concentratioexceeded.000mg Cukg! DW at 40
MM Cu for I. pseudacorusind overlO uM Cu for A. donax their rootsbeingrelevant for producing
Cu-ecocatalysts.

Keywords  Biocatalysis, @ Biomass valorization,  Bioresource,  Rhizofiltration,
Phytoremediation, Phytomanagement.
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1. ,QWURGXFWLRQ

In Aquitaine, France, Bordeaux mixture (BM, Ca (QH)j CuSQ) is frequently used as Cloased
fungicide Mackie et al., 201p Filling and rinsing the tanks of BM crop sprayers generate significant
effluent amounts. Based on the 150.000 ha of Aquitaine vineyards, the total volume of BM effluents is
estimated at 2.500.000 (Maille, 2004). The spreading of these diluted BM effluents on the field is
authorized by the Article L. 258 of the rural Code. Its loAgsting application in Bordeaux vineyards
contributes to locally increase total soil Cu (i.e. > 1000 mg Ci &igo\e the inquiry threshold values

in topsoils (RMQS : 40.2 mg Cu RdPW, El Hadri al., 2012). Diffuse migration of Cu and soil erosion
result in Cu contamination of surface waters in the Gironde estuary (i-2.308) L; IFREMER,

2014) above the upperitical threshold value defined by the French Water Agency for freshwater
quality (0.1 pg L Cu; SEQ EAU, 2003). This may threat flora and fauna biodiversity, e.g. abundance
and species composition of marine organisms such as mollusca and arthropodat{Bhk&014),
bacteria, fungi, (Taylor and Walker, 2016), and algae communities (Rocha et al., 2016). Rhizofiltration,
notably in constructed wetlands (CW), is a green way for treating contaminated wastewaters and
effluents (Marchand et al., 2010; Wuadt, 201%). The management of BM effluents in CW may be

an efficient and costffective solution to prevent ecosystem exposure to Cu excess. Constructed
wetlands planted with macrophytes were successfully implemented, aiming at purifying Cu
contaminated fluents (GuittonnyPhilippe et &, 2014; Marchand et al., 20L4dewete and Byrne,
2016), mainly by immobilization in the rhizosphere and storage in the belowground biomass (Marchand
HW DO ,VWHQLp HW DO % R Q4 RdpeRspecificallphyd€@p6bidcO H P H W
root mats are ecotechnological wastewater treatment systems where aquatic vegetation forms buoyant
filters by their dense interwoven roots and rhizomes, sometimes supported by rafts or other floating
materials (Chen et al2016). In mesocosm tanks with plant root mataréx virgate (Boott)
CheesemanCyperus ustulatusA. Rich., Juncus edgariael.A.S. Johnson & K.L.Wilson, and
Schoenoplectus. tabernaemont@@iC. Gmel.) Palla ) used to treat artificial stormwater contaieid

in Cu and Zn, achieved removal rates weres3.4 mg ni? day' for Cu and 2588 mg ni? day'* for

Zn (Tanrer and Headley, 2008) h€ biomass produced in such system display both root and shoot Cu
concentrations above the common Cu values in plants2Bmg Cu kd, TremetSchaub and Feix,

2005) which cannot integrate regular recovering processing chains.

Biocatalysis, based on the novel use of metal species originating from plant biomasses with high
metal(loid) concentrations (unusual oxidation |lsyelew associated chemical species, and effects of
synergy) is an emerging technique (Clavé et al., 2016a). Such biomasses producédigametal
complexes used as "Lewis acids" to catalyze fine organic chemical reactions for the synthesis of
molecules withhigh added value: pharmaceuticals (e.g. anticancer and antiviral agents), cosmetics,
agrochemicals (e.g. green pesticides) and textiles (Escandg2€t1dl). New ecocatalysts are needed
to increase the number of potential catalyze reactions and amaalglords, Cu is of interest (Clavé
et al., 2016a). Ghased catgsts are sustainable and cesimpetitive catalyzers for the high yield
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production of nexgeneration biorefinery components (Yuan et al., 2013). High Cu concentrations (i.e.

. P J "NDW) are needed to meet the requirement for biocatalysavéGital., 201). Such

high shoot Cu concentration is unusual in plants. Excluders are plants that accumulate metal(loid)s in
their roots while avoiding translocation to their sho8tsch plant species often showed high root Cu
concentrationQut of the excluHU OLVW VRPH PDFURSK\WHV UHDFX6ébG &X FRQ
DW (Newete and Byrne, 2016Con&ntrations up to 25000 mg CukB®W were reached in the roots

of Typhasp. exposed to a concentration of 2.52 uM Cu (Valipsiwal., 2014) and 2610 n@u kg*

DW in the roots ofCyperus alternifoliud.. exposed to a concentration of 16.5 uM Cu (Cheng et al.,
2002). In the roots dfis pseudoacoru&. exposed to a concentration of 0.7 uM Cu, Cu concentrsation
peaked at 1430 + 170 mg CukDW (Sun et al 2013). Based on the ability of macrophytes to store
metal(loid) in their belowground biomass, their use to cleartd@aminated effluents may provide

both interwoven root and rhizome mats with high Cu concentration, potentially usable-as Cu

ecocatalys.

This study aimed at investigating the capacity of macrophytes frequently used in CWs to preduce Cu
rich root and rhizome mats. Four macrophytes, Areindo donax.., Cyperus eragrostid.am., I.
pseudacorus and Phalaris arundinaceal. were assessed alp a Cu concentration gradient in
controlled batch conditions. Copper concentration and accumulation in the roots and shoots of
macrophytes as well as root and shoot dry weight (DW) yields and chlorophyll fluorescence parameters

were determined.

ODWBOLDQG OHWKRGV

2.1. Plants

Plant samplings oh. donax, C. eragrostis, |. pseudacoraisdP. arundinaceavere realized in October
2014.Based on Marchand et al., (20)4the root DW vyield ofl. pseudacorugandP. arundinacea
(sampled orsiteswith soil Cu concentration in the 2205mg Cu kg' rangg exposed to a Cu gradient
(0.8 25 pM) depended on the population established aahm®ling siteFor maximizing their biomass
production, we collected our macrophytes at the sites of the Bordeaux ridgidngthe highest root
biomass production at high Cu exposures pseudacorusvas sampled at the6DQJXLQHW VLWH’
riverbank sandy soil with acid soil pH of the uncontaminated (i.e. 3.3 mg ®uSanguinet Lake

/IDQGHYV )UDQFH f M7 (RPWalaris @#rurflinaceazDV VDPSOHG QHDUE\ WKH
VLWH" D GUDLQDJH GLWFK ZLWK QHXW U BEmilMR(Gitonge; FaRCED WH G L (

f 9 9712 f 91 97: DQQXDOO\ WUHDWHG ZLWK W.ICKeR UGHD X|

eragrostiswas sampled in thé-DOOH G{(\YLQHWHUEDQN ZLWK QHXWUDO VRL
GY(\WLQHV 5LYHU (\WLQHYV JUDQFH f 1 111 f 1 17: LPSELC
organic farms and located 1 km downstream from a wagatrtent plant (i.e. 33 mg CuKgArundo

donaxwas sampled from a drainage ditch, San Remo, Italy, and cultivated since 2011 in a greenhouse
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(soil pH and Cu concentration unavailable for this site). For each plant speci43,sabnples of
rhizomes [ pseudacorus young plants €. eragrosti¥, and buebearing stems (320 cm) .
arundinaceandA. donay were collected and rooted in individual pots (9*8*9®con perlite imbibed

with a quarteistrength Hoagland Nutrient Solution (1/4HNS, Marchand.e2@ll£) for 6 months in

a greenhouse, Centre INRBRUGHD X[ $TXLWDLQH 9L OQuiEDnédiunG(TRY QR Q
was renewed every month to avoid anoxia and nutrient depletion. In March 2681&n&ardized plants

(with similar stem and root size wolume)of eitherl. pseudacorus, P. arundinacea, C. eragroatisl

A. donaxwere isolatedtransplanted individually in plastic bottle (1.5ll)ed with 1L of 1/4HNSand

grown for 1 month.

2.2. Plant exposure to Cu

In April 2015, just before the Cu p&sure, macrophyte roots were blackened with activated plant coal
(concentration: 1.5%, Marchand et al., 2014.L of 1/4HNS was spiked with Cu (Cus&H,0) to
achieve five Cu concentrations: 0.08, 2, 10, 20 and 40 uM Cu (five replicates conceftratidn
consist 6 series (Table 1). In the series, 25 plants (5 Cu concentrations X 5 replicates) &f either
pseudacorusP. arundinacea, C. eragrostisy A. donaxwere individually placed inthe Cuspiked
solutions. All plants were randomly placed in tmeemhouse and cultivated for 2 months from April to
May 2015 (16 /8 h light/darknes85 + 5%relative humidity; 25+ 5°C). All CM were changed every

six days to maintain Cu concentrations and avoid nutrient depletion and anoxia.
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Table.1. Physicachemial parameters of the culture medium along the Cu gradient(at14, day O,
solution replacement) and Th=8, day 6 after solution replacement)

Total Cu added (uM) (mV) Cuw* (ug LY

pH Eh MeasuredCu ModelledCu
To
0.08 7.6 +0.3a 259 +43a 1.1+1.2d -
2 7.4 +£0.2ab 248 + 29a 15+ 1.7cd 3.5
10 7.4 +£0.1ab 262 + 26a 9 £ 8abc 14
20 7.3 £ 0.1abc 282 + 38a 16 + 9a 17
40 7.3+£0.2 abc 285+ 37a 19 + 10a 19
Te
0.08 7.0+£0.3d 272 £ 16a 1.2+ 1.6d -
2 7.0+0.2d 254 + 24a 06 +0.7d 9
10 6.9+0.2d 258 + 24a 1.2+2.2d 39
20 7.1+0.2cd 265 *+ 25a 2.0+ 1.7bcd 29
40 7.2+ 0.1bcd 268 £ 19a 9+ 7ab 18

Mean value + SD for each treatment. Values with different letters differ significantly (one way AN@alde p
<0.05).

2.3. Solution and plant analysis

The pH (Hanna instruments, pH 210, combined electrode Ag/A§&), redox potential (Eh) and Eu
concentration (Cupric ion electrode, Fischer Bioblock, USA) were randomly measured for all series
(n=2 for each Cu concentiam, Table 1) after (d; day 0) and before ¢Tday 6) changing the growing
solutions. Comparatively, potential Cu speciation in the solutionsaid Ts was computed using the
MINEQL+4.6 software (Table 1, Marchand et al., 26 1After 2 months of Cuxgosure, chlorophyll
fluorescence parameter: maximum efficiency of Photosystem Il (PSIl) (Fv/Fm ratio), real efficiency of
PSII [Y(I)] and non photochemical quenching (qN), were measured for all plants using a portable
modulated fluorometer (Pa@b00 Walgz, Germany) (Marchand et al., 2016). Thesgts and shoots

were harvested.fe black and white parts of roots formed respectively before (stagked) and after

Cu exposurevereseparated. Root and shoot samples werghed twice with deionized watetotied

with filter paper, placed in paper bags and oven dried at 60°C to constant weight for 72h and then
weighed for determining the shoot and root DW yields. For all plants, dried white roots and shoots were
ground (< 1 mm particle size, Retsch MM2003rthweighed aliquots (0.5 g DW) were vaigjested

under microwavesSQEM Marsxpress 1200/) with 5mL suprgpure 14M HNQ, 2mL 30% (v/v) HO;

not stabilized by phosphates and 1 mL MilliQ water. Certified reference material (BIPEA maize V463)
and blank reagestwere included in all series. Mineral composition (Al, B, Ca, Cu, Fe, Mg, P, K and
Na) in digests was determined by K8F5 (Thermo X series 200, INRA USRAVE laboratory, Villenave
d'Ornon, France)All elements were recovered (>95%) according to the stdnddues and standard

deviation for replicates was <5%. All element concentrations in plant parts are expressed in mg or g
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DW kg?. For white roots and shoots, Cu remowals calculated as follows: Cu (mg pant DW
yield (g plant!) x Cu concentratiofmg kg!DW).

24. Statistical analysis

Influence of Cu exposure on Cu concentration and accumulation in roots and shoots as well as root and
shoot DW yields were tested using emay analysis of variance (ANOVAs) for each plant species.
Crossed effectsfdboth Cu exposure and plant species on root and shoot Cu concentrations and
accumulations and root and shoot DW yields were analyzed usingwayANOVA. Normality and
homoscedasticity of residuals were met for all tests. When significant differermasedcbetween
treatments, multiple comparisons of mean values were made usiFgopoBtikey HSD tests. For the
two-way ANOVA, there was a crossed effect for all plant parameters studied, except the root DW vyield,
and a HSD test was performed on thesatgbarameters. A post Hoc Tukey HSD test was performed
for the root DW vyield. Differences were considered statistically significant at p<0.05. All statistical
analyses were performed using R software (version 3.0.3, Foundation for Statistical competing, Vi
Austria).

SHVXOWYV

3.1 Physicechemical parameters of the solution culture

At Toand Ts, the pH in the CM was neutral. It did not change across the Cu gradient but is significantly
different between dand T (Table 1). At © and T, the Eh wasslightly oxidative and did not
significantly change across the Cu gradient. Attie C3* concentration in the CM, being potentially
available for root uptake, significantly increased along the Cu gradient, which was consistent with the
modeled C& corcentrations and the increasing total Cu concentration in the spiked solutions. At T
Cu?* concentration in the CM decreased as comparegiftry @l Cu levels except at 40uM Cu, reaching

a 0.62 ug L' range This decrease in Elconcentration may be ddo Cu sorption on tHeatchsurface,
chemicaland biologicaleactions, notably root and microbe uptake and complex formation with ligands
from the rhizodeposition (Marchand et al., 201 After a 6day exposure, the model predicted much
higher C@d* corcentratiors than the measured ones.
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3.2. Root and shoot DW yields

The shoot DW vyield (g plad} of C. eragrostisdid not significantly changacross the Cu gradient,
ranging from8 + 4.6at 40 pM Cuto 16 + 4.7at 0.08 pM Cu Fig. 1A, Table 2). Convesely, its root

DW yield was 5 time lower when exposed to 2 uM Cu as compared to 0.08 uM Cu and roots stopped
to growth at 40 pM Cu. Fadr pseudacorugthe shoot and root DW vyields (g plahremained similar
across the Cu gradient, varying frdr + 8at 20 uM Cuto 26 + 9at 0.08 uM Cu and frorm.9 = 0.2

at 40 uM Cuto 1.9 + 1.2at 0.08 pM Cu, respectivelyig. 2A, Table2). ForP. arundinaceathe shoot

and root DWyieldsV LJQLILFDQWO\ GHFUHDVHG ZKHQ SODQWYV ZHUH H[SR
0.08 UM Cu (i.e. & 3 and25 + 3 for the shoots ar2l+ 0.6 and).6 + 0.2 for the roots, respectively)

(Fig. 3A, Table2). The shoot DW yield oA. donaxwas significantly higer at 2 uM Cu than at 0.08

UM Cu, highlighting a hormesis effect as defined by Calabrese and Blain (2009) but did not significantly
differ in the 10- 40 uM Cu range. The root DW vyield 8f donaxwas only significantly loweat 40uM

Cu as compared to @@M Cu Fig. 4A, Table2).

At 40 uM Cu, the shoot biomass of tested macrophytes (glaarked in the increasing orde:
donax(2.8 £ 1.2 bx C. eragrostiq8 + 4.6 b)< P. arundinacedq9.6 + 4.1 abkx |. pseudacorugl?7 +
6 a); for the rootsthe increasing order wa€. eragrostis(0 = 0 b)< A. donax(0.13 + 0.11 b)< I.
pseudacoru$0.8 + 0.12 ax P. arundinaced1.0 + 0.5 a)Fig. 5A, Table3).
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3.3. Root and shoot Cu concentrations

Copper concentrations (mg CuRgin C. eragrostissignificantly increasedvith the Cu gradient
ranging from3.4 £ 0.8 a0.08 uM Cu to 24& 111 a0 pM Cu forthe shoots and fro@+ 0.7 aD.08

UM Cu to 256+ 58 at 10uM Cu for the roots Fig. 1B, Table 2). The shoot Cu concentration.of
pseudacoruicreased at 20 UM Cund peaked at 40 UM Cu whereas its root Cu concentriatiearly
increased with the Cgradient ranging from® + 0.7 at0.08 uM Cu to 1092 434 at40 uM Cu fig.

2B, Table2). ForP. arundinaceaboth shoot and root Cu concentrations significantly increase at 10
UM Cu and shoot Cu concentration peaked at 40 uM Cu (i.ex8RB (Fig. 3B, Table 2).Shoot Cu
concentration oA. donaxsignificantly raisedt 10 uMCu and culminated &0 uM Cu (i.e. 17% 103)
while root Cu concentration increaskaearly with Cu exposure albeit not significantly in the-4D

UM Cu range (i.e. 1802 386 anl 3512 + 1372]Fig. 4.B, Table 2).

At 40 uM Cu, shoot Cu concentration (mg Cutka\W) ranked in the increasing ordérpseudacorus
(38 £ 12 b)< A. donax(121 + 64 bk C. eragrostig247 + 111 abk P. arundinaceg527 = 251 a).
Root Cu concentratiomaried in the increasing ordd?. arundinaced631 + 103 bx I. pseudacorus
(1099+ 434 bx A. donax(3512 + 1372 a)Hig. 5B, Table 3).

3.4. Root and shoot Cu removals

Shoot Cu removal (ug Cu plabtof C. eragrostisstarted significantly to increase 20 uM Cu Fig.
1C, Table 2pand its root Cu removiéihearly increased with Cu exposure from 4.9.4 at0.08 uM Cu
to 30+ 19 at10 uM Cu. Forl. pseudacorusshoot Cu removal was only significantly higi#&uM Cu
(i.e. 682+ 422)as compared to 0.08M Cu (i.e. 102+ 23) (Fig. 2C, Table2). Its root Cu removal
linearly increased across with Cu exposure and peaked up ta 88 at40 uM Cu. ForP.
arundinaceaCu removal increaseigom 75 + 22 a0.08 pM Cu to 528& 1210 a#40 uM Cu for the
shootsand from11 + 1.7 a0.08 pM Cu to 723 300 at 4QuM Cu for the rootsKig. 3C, Table2).
Shoot Cu removal (ug Cu plabtof A. donaxstartedsignificantly to raise at 20 uM CUF{g. 4C, Table
2) and its root Cu removal plateaued at\2 Cu.

At 40 uM Cu,shoot Cu removal (mg Cu plahtrankedin the increasing ordeA. donax(424 + 161 b)
= |. pseudacorug683 + 423 b)}= C. eragrostis(1394 = 322 b) <. arundinacea5286 + 1210 a)
whereas the ranking for root Cu removal (mg Cu plpwas:A. donax616 + 216 afF P. arundinacea
(724 + 300 aF |. pseudacorug846 + 298 a)Kig. 5C, Table3).
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Table. 2 Letterof the results from the twavay analysis of variance (ANOVA) investigating the combined
effects of Cu concentration in the culture medium aedothnt species on plant parameters.

Shoot Cu Root Cu

Plant species Shoot DW Root DW concentrati  concentrati  Shoot Cu  Root Cu

yield yield on on removal removal
A. donax
0.08 fg cd d e e e
2 fg bcd d de e bcde
10 g cd cd bc de a
20 fg cd bcd ab bcde abc
40 g d bcd a cde abcd
C. eragrostis
0.08 bcdef cd d e e e
2 efg d d e de e
10 defg d d de cde de
20 cdefg d cd ND bcde ND
40 fg d b ND b ND
I. pseudacorus
0.08 abc ab d e e e
2 abcde abcd d e de cde
10 abcd abc d e de bcde
20 cdefg abcd d de cde abcde
40 abcdef abcd cd cd bcde a
P. arundinacea
0.08 abcd a d e e e
2 a abc d e cde cde
10 ab ab cd de bc abcd
20 fg bcd bc cde bcd abcde
40 efg abcd a de a ab

Values with different letters differ in column signdntly (two way ANOVAyalue <0.05).
ND: not determined due to no root growth
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Table. 3.Results of the ANOCAnvestigatingthe effects of Cu exposure (0.08, 2, 10, 20 and 40 uM
Cu), the plant speciesA( donax,C. eragrostis, |. pseudacorugnd P. arundinaceg and their
interactions on plant parameters

Parameters Df Mean sq Fvalue p(>F) P

Shoot DW yields

Cu concentration 5 7885 1576.9 68.459 < 2el6 ***
Plant specie 4 1204 300.9 13.063 1.04e08 ***
Cu concentration X Plant species | 20 2019 100.9 4.381 2.50e07 **
Residuals 108 2488 23

Root DW yields

Cu concentration 5 39.59 7.918 34.019 < 2el6 ***
Plant species 4 5.66 1.415 6.079 0.000192 ***
Cu concentrabn X Plant species 20 6.81 0.341 1.463 0.110505
Residuals 106 24.67 0.233

Shoot Cu concentrations

Cu concentration 5 212155 42431 9.625 2.84e07 ***
Plant species 4 898152 224538 50.934 < 2e16 ***
Cu concentration X Plant species | 20 490457 24523 5.563 1.02e08 ***
Residuals 83 365898 4408

Root Cu concentrations

Cu concentration 5 60185855 12037171 | 72.41 < 2el16 ***
Plant species 4 81413948 20353487 | 122.43 < 2e16 ***
Cu concentration X Plant species 18 36284438 2015802 12.13 7.31e-16 ***
Residuals 78 12966935 166243

Shoot Curemoval

Cu concentration 5 18957856 3791571 46.04 <2e16 ***
Plant species 4 27634043 6908511 83.89 <2e16 ***
Cu concentration X Plant species 20 39230766 1961538 23.82 <2e16 ***
Residuals 82 6752617 82349

Root Curemoval

Cu concentration 5 2330377 466075 12.578 5.44e09 ***
Plant species 4 7346277 1836569 49.563 < 2e16 ***
Cu concentration X Plant species | 18 1795410 99745 2.692 0.00135 **
Residuals 79 2927337 37055

Significan 0 A 0eW ZZZZ[ iXWiZZZ[ iX1iZZ[ IXiAZX[ iXiz[iV (W PE }( (E
F: Fisher value, Means sqg: Mean of square
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Plantspecies display variowsrategesto quenchCu toxicity, mosthaving an excluder phenotyveith

Cu accunulation in their belowground biomasand a low rocto-shoot transfer, and few others
accumulating also Cu in their shoots (Marchand et al., 269, root and shoot Cu concentrations
increased for the four macrophyta®ng the Cu gradienbut at allCu levels Cu concentration was
higher in the roots than in the shoots, with various TF patterns suggesting different physiological

responses to Cu excg&upplemental material. 4).

There is ample evidence that high Cu excess may causes damages irohengetic apparatus which

may decrease the photosynthesis efficiency (Hego et al., 2016). However, despite high Cu exposure and
root Cu concentration$ig. 5B), all measuredhlorophyll fluorescence parameters did not differ in the

0.08 40 puM Cu rangdor the four studied macrophytes (Supplemental material. 3). The maximum
efficiency of photosystem Il (Fv/Fm) is acceptednsndicator of photanhibition. Thereal efficiency

of Photosystem Il (Y(Il)) is measuringhotochemistry related to electron rsport and thus to
photosynthesis and ngphotochemical quenching (gN) assesses changes in heat dissipation (Caldelas
et al., 2012). Herekv/Fm, Y(II) and gN values were optimal for the four macrophyteslimit Cu
phytotoxicity, plants can manage a e of physiological processes to maintain the cellular
homeostasis (1) Cu bindify ligands, i.e. nicotianamine, phytochelatins and metallothioneins) and (2)

Cu compartmentation in the shoot vacuole (Yruela, 2005; Leitenmaier and Kipper, 2013). Several
mechanisms were reported in macrophyteslribn halophila seedlings, oxidative stress induced by
exposure to Pb, Cd, Zn, and €ontaminated tailings triggered the accumulation in the root of
superoxide dismutase (SOD), peroxidase (POD), glutathione (&8Hascorbate (AsA) to keep the
overall balance between ROS production and enzyme levels (Han et al., 2016). Exposures at 50 and
100 pM Cu induced the accumulation of metallothioneins in the leaves and raassadteal (Gu et

al., 2015).Iris pseudacaus response to stress tolerance include low lipid peroxidation, increased
proline and malondialdehyde concentrations, and increased peroxidase, catalase, superoxide dismutase,
and ascorbate peroxidase activities (Zhang et al., 2007; Qiu and Huang, RO0&t4l., 2010). IA.

donax transcripts, homologous to genes involved in metal stress responses thhalagion and
transport were identified, e.g. AJphosphoribosyl transferase, ROS scavenging (Ascorbate
Peroxidase), the rataniting step in histithe biosynthesis, Phytochelatin Synthase, and
metallothioneingSablok et al., 2014). However, to detoxify and sequester high metal amount, plants
need to spend energy which leaves less resources for reproduction, growth and other processes (Audet
and Chaest, 2008; Maestri et al., 2010). Increase in plant maintenance cost may be indicated by
decrease in biomass production. Biomass productionacfophytesespomledto Cu exposurérom

no effectto severe inhibitionalong the Cu gradient (Fig.-4). Root and shootDW vyields of P.
arundinacealecreasedver10 pM Cuy, being 22-fold and 27-fold lowerat40uM Cu than at 0.08 pM

Cu, respectivelyKig. 3A). These decreases were correlated with increasing root Cu concentration
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(linear relationship, R2: 0.57 ad75, respectively) confirming thBt arundinaceavas affected by Cu
excess (Marchand et al., 2@)4Theshoot DW yield ofC. eragrostisand both roots and shootslof
pseudacorushowed moderate and insignificant differences across the Cu gradienthaf2 month

Cu exposureRig. 1A and 2A) butC. eragrostisdisplayed a marked decrease in root groashCu
exposure rosérig. 1A), correlated with the increase in root Cu concentration (exponential relationship,
R2: 0.81). SimilarlyCyperus alternibliusLinn. exposed 15 days to petypntaminated wastewater from
electroplating (i.e. 0.7 uM Cu) showed the most marked decrease in root length even though it produced
a high leaf biomass (Sun et al., 2013). One explanation was that only roots were sdl@ndrg direct
contact with the contaminant resulting firstly, on this shemn exposure, in subsequent toxicity in
roots. Conversely, the shoot DW yield Af donaxdid not decreasd-{g. 4A) and its rooDW yield

was significantly lower only at0 pM Cu (Fig. 4A). This agreed with Elhawat et al., (2014) reporting
that shoot and root biomassAfdonaxslightly decreased at 42.5 uM Cu in a spikadrient solution.
Weak changes in root and shoot DW yieldd.gbseudacorusand A. donaxalong the Cu adient
matched with their Cu tolerance in this Cu range (Marchand et al.c2Bs4nganwimana et al.,
2014).

As noted by Ouzounidou et al., (1995),-t0lerant plants have frequently lower Cu concentration in
their shoots than the sensitipdants In addition to efficient detoxification mechanisms, such Cu
tolerant plants must have efficient root cellular mechanisms to exclude Cu from the shoots (i.e.
improved efflux Cu pumping at the plasma membrane, Cu compartmentation in the root vacuole,
Yruela, 2M@9). The shoot Cu concentrationd.giseudacorusvas relatively low and constant along the

Cu gradient Fig. 2B) and only slightly exceeded the common range for plants2@ mg Cu kd,
TremelSchaub and Feix, 2005)his disagreed with high shoot Cancentrations fot. pseudacorus

(Sun et al., 2013) ands ensata(Usman et al.2012) (Table 4). Given the high root Cu concentration,
shoot Cu concentration &f. donaxwas quite low at all Cu exposures ranging from 4.546 mg Cu
kg!DW (Fig. 4B). Root Cu concentration over 106@y Cu kg' DW were measuredt 40 uM Cu for

I. pseudacorusndin the10-40 uM Cu range foA. donaxBoth species had low TF, from 0.16 to 0.01

for A. donaxand 0.63 to 0.04 for. pseudacorugSupplemental material. #)hich classified them as
excluders (Baker, 1981). This agreed with the general pattern of macrophytes accumulating higher Cu
concentrations in their roots than in their shoots (Vymazal et al.,; 208fchand et al., 2010).
Although, this pattern is widely agpted forl. pseudacorugMungur et al., 1997; Sun et al., 2013), the
ability of A. donaxto accumulate such root Cu concentration is quite unusual (Table 4).IHere,
pseudacoruandA. donaxaccumulated Cu mainly in their root and rhizome, until theviegiound

biomass became saturated and then transfer Cu excess to the shoots (Mavrogianopoulos et al., 2002).
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Species Organ Concefration Conditions Exposure

. Time Reference
Concentratior

Table.4. Frequent Cu concentrations in plant parts of emerged, rooted macrophytes potentially usable
for Cu rhizofiltration

Cyperus alternifolius

Leaves 7+0.3
Shoots 8+0.1
Rhizomes 309 + 16.3
Main roots 2610 = 380 Constructed
Lateral roots | 15600 + 238 | wetland 16.5 uM Cu 5 months | Cheng et al., 2002
Cyperus alternifolius
Shoots 67070 Hydroponic 15 days
Roots 1310+ 10 experiment [0.7 uM Cu Sun et al., 2013
Cyperus alternifolius
Constructed
Shoots 1000 wetland 2.14 uM Cu 3 months | Soda et al., 2012
Cyperusalternifolius
Roots 386
Stem 70 Constructed
wetland
Leaves 79 0.16 uM Cu 1 month |Adav etal., 2012
Cyperus rotundus
Roots 689
Shoots 78
Leaves 134 Plant 1756 mg kg
Flowers 85 sampling (Soil) - Ashraf et al., 2011
Cyperus involucratus
9902+ 1 089 mg kg
Leaves 112 + 14 (Soil) -
Plant 1114+ 342 mg kg
Shoots 112 + 23 sampling (Sail) - . €EHN HW
Iris pseudoacorus
5.8+ 0.5 7+0.2ug Lt
Shoots (Water) - Sameka
Plant 6+ 0.5 mg kgt Cymerman
sampling (Sediment) et al., 2001
Iris pseudoacorus
Shoots 430 £30 .
Hydroponic
Roots 1430 + 170 |experiment [0.7 uM Cu 15 days |Sunetal., 2013
Iris ensata
Shoots 257+ 4.8 27420 mg kg
Roots 263+ 16 (Soil) -
Plant 0.4+ 0.01 mg kd
sampling (Sediment) Usman et al., 2012
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Species Organ Concentration Conditions Exposure Time Reference
Concentration
Phalaris arundinacea
198 + 12 pg k1
(Water) Samecka
Plant 0.4 +£0.01 mg ke Cymerman
Shoots 7.0+ 0.6 sampling (Sediment) - et al., 2001
Phalaris arundinacea
Plant 7.4-31pg Lt Vymazal et al.,
Shoots 1.6-9.7 sampling (Water) 2-4 years | 2007
Phalaris arundinacea
Stem 5.9-6.34
Leaf sheath |4.11-7.33 Field Pahkala and
Leaf blade 5.99-8.22 experiment |- 2-8 years | Pihala, 2000
Phalaris arundinacea
Leaves ° Plant 2.6- 15 mg kg* Parzych et al.,
Rhizomes o sampling (Sediment) - 2015
Phalaris arundinacea
1.93-8.09 pg L!
(Water)
Plant 1.35- 247 mg kd*
Leaves 0.56- 12 sampling (Sediment) - aRMNR HW
Phalaris arundnacea
Roots and 0.54-6.50 pg L*
Rhizomes 3.83-24 (Water)
Stems 0-89-561 | piant 2.71-42.5 mg kgt 3ROHFKR V
Leaves 3.59-8.74 sampling (Sediment) - Klink, 2014
Arundo donax
h . 1
Shoots 600 Hydroponic 5 das
Roots 630 experiment |0.7 uM Cu Sun et al., 2013
Arundo donax
22.7+345ug
Roots 7.42 +0.88 (Water)
115 + 17.6 mg kg
Stems 1.88+0.15
Plant (Sediment)
Leaves 1.13+0.13 |[sampling - Bonanno, 2013

Cyperus eragrostiglisplayed relativelyigh Cu concentration in roots (i.e. 246 + 111 mg Cti Ry

at 10 uM) and shoot (i.e. 256 + 58 mg Cu'KgWw at 40uM) Fig. 1C). Higher Cu concentrations in
both roots and shoots were published for oygperussp. (Table 4). More than 30% of Cu supplied
during these experiments were accumulatedCin alternifolius suggesting itspotential for
phytoextracting Cu from polluted soil€heng et al., 200B0da et al., 2012; Sun et al., 2013) (Table
4). Similarly, at40 uM Cu, high root concentration was rseeed inP. arundinacedi.e. 631 £103ng

Cu kg*DW). Its shootCu concentration exceeded the threshold value for Cu hyperaccumulator (i.e.
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300 mg Cu kg DW; van der Ent et al., 2013Fig 3B). To our knowledge, such results was not
previously reportedsP. arundinaceavas exposed to lower Cu concentration (Table 4). However, for
both species, this coincided with a strong decrease in biomass production (espedalbrdgrostis
roots), indicating that plants were affected by Cu excess? Famundiracea,TF raised with increasing
Cu exposure from 0.11 + 0.06 to 0.86 £+ 0.37 (Supplemental materi@hid)plant response showad

Cu dilution in the whole plant biomass as storage capacities in roots were exceeded.

Practical implication The biomass prduction ofC. eragrostis especially the roots, was affected by

Cu excess and its shoot and root concentrations did not meet the requiremenedoc&alysts (>

1000 mg Cu kg; Clavé et al., 201%), confirmingSun et al., (2013). The use ©fperus aernifolius

may be an alternative since it displays higher Cu concentratioiCthenagrostigTable 4). At 20440

UM Cu, thebiomass production d?. arundinaceavas impacted by Cu phytotoxicity. Even though, its
root and shoot Cu concentrations werdatieely high, it was insufficient for their use as -Cu
ecocatalysts. Plant inoculation with endophytic bacteria may be an option to promote root Cu
concentration ofP. arundinaceaand better fitCu-ecocatalyst requirementé&nhanced root Cu
accumulation, @ translocation, biomass production, nutrient availability, and plant Cu tolerance were
reported in plants inoculated with endophytic bacteria (Weyens et al., 2009; Ma et al. A2@01)M

Cu, I. pseudacoruproduced high root and shoot biomasses vaitih $hoot Cu concentration but high

root Cu concentration (i.e. 1099 mg Cukgustmeeting the requirement for @cocatalysts. As its
shoot Cu concentration was within the common Cu values in plasi2)(81g Cu kd, TremetSchaub

and Feix, 2005), pential uses of this shoot cellulosic biomass are multiple: (1) energy sector (i.e.
biofuel, bioethanol) (2) derived bioproducts, and (3) cellulosic and paper indNsagdanwimana et

al., 2014; Evangelou et al., 2014; Vigil et al., 2015). In the4uM Cu rangeroot Cu concentration

for A. donaxmet the requiremerior Cu-ecocatalysts. Such @ich biomass may be useddatalyze

fine organic chemical reactions to synthesize molecules with high added value: pharmaceuticals (e.g.
anticancer and antivat agents), cosmetics, agrochemicals (e.g. green pesticides) and textiles (Escande
et al, 2015).Conversely, Cu concentration A donaxshootswas insufficient for their use as Cu
ecocatalystandmay be too higho bemergedwith other plant biomass, en though they may be used

to fertilize Cudeficient soils and substratg@ne option may be to limit Cu reti-shoottransferby
addingsilicon in the culture medium. Silicon is deposited in the endodermal tissue in the roots of some
plant species and maat least partially block the apoplastic bypass flow across the roots and restrain
the apoplastic transport of Cu, thus limiting Cu rtmshoot transfer (Zargar et al., 2010; Khandekar
and Leisner, 2011; Caldelas et al., 2012). Such uncontaminatedsbioodd integratecal processing
chains (e.g. Energy sector: bioethanol, biofuels, combuspiatential fertilizers:compost, biochar,

litter; bioproducts: construction of building materials and plant fiber/plastic composites, Alshaal et al.,
201339).
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The four macrophyteachieved different biomass yields, Cu concentrations and Cu removals on this
0.0840uM Cu gradientlris pseudacorusindA. donaxcan deliver root mats potentially usable as Cu
ecocatalyst if the effluent concentratiogaches 40 uM Cu and 10 pM Cu, respectivélg shoot
biomass ofl. pseudacoruslisplayed common Cu concentration ewr#0 uM Cu, it can be merged
with other biomasses in processing chains for the BioeconBhslaris arundinaceaproduced root

and shoot ipmasses with Cu concentration lower than 16@0Cu kgt DW in the 0.08+40 uM Cu

range and was noelevant to harvest potential €eocatalystCyperus eragrostisvith low root and

shoot DW vyields and low Cu concentration in both plant peasalsonot appropriate to produce €u
ecocatalyst. One further research will be to long term afsepseudacoruandA. donaxn large vats

with Cu-contaminated effluents from the cleaning of crop sprayer tanks.
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Table. Supplemental material3hootionomeof macrophytegmg kg') afterthe 2 monthexposure
to the Cu gradienMean values per treatment @)=In bold, valuedower than ommon valuesn
plants

eC;posure(uM) Ca Fe K Mg Na P

A. donax

0.08 43+14 0.04+001 | 38+10 |3=%1 0.6+ 062 35x1.2
2 3.7+x0.2 0.04+0.01 |39+9 28+03 | 0.1+0.02 |3.2+0.8
10 49+19 0.05+0.02 | 47+8 31+0.7 {04+019 [4+11
20 6.3+x1.6 0.07+£0.02 |41+4 31+08 |04+£008 |30

40 55+1.3 0.04+0.01 | 32+3 2707 {05014 | 2.2+04

C. eragrostis

0.08 44+05 0.05+0.01 |31+5 26+03 |52+1.07 |27+£0.3
2 46+0.6 0.04+0.01 |41+10 |3£05 3+0.13 3.8+0.6
10 3.6x+0.1 0.03+0.01 | 38+8 24+02 | 3.2+14 28+0.6
20 2.7+0.9 0.08+0.11 | 32+7 21+05 |24+088 |23+04
40 3.2+0.5 0.06+0.03 | 32+6 2+0.2 1.7+0.29 | 22+0.3
|. pseudacorus

0.08 14+ 34 0.05+0.02 | 28+8 45+14 |119+087 |29+0.8
2 13+1 0.04%0 267 39+05 | 24+081 |25+04
10 12+ 35 0.03+0.01 |33+12 |[4+£0.8 23+09 |23+£0.3
20 10+£1.7 0.03+0.01 | 303 31+05 |1.8+058 |1.9+05
40 99+2 0.04+0.01 |27+4 32+06 | 2+0.77 15+£0.2

P. arundinacea

0.08 45+1.2 0.06+0 22+3 22+05 | 04+006 |19+£0.3
2 3313 0.03+x0.01 | 175 1.7+06 [03+£0.09 |1.3+x04
10 57+0.9 0.05+0.02 | 237 29+06 | 08+0.29 |18+£0.7
20 6.9+0.9 0.14+0.08 | 375 38+£06 |1.2+059 [34+04
40 3411 0.11+0.06 |21+4 1.7+£05 |06+£0.05 |15+04
Common values* 1 450 0.02 +0.3 20#50 15+35 - 1.6 #6.0

Mean value + SD for each treatment (n=4).
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Table.Supplemental material Rootionomeof macrophytegmg kg?) afterthe 2 monthexposure to
the Cu gradientMean values per treatment @)=

E)l:posure(uM) Ca Fe K Mg Na P

A. donax

0.08 24+0.3 0.5+0.15 49+ 3 305 16+£05 49+0.8
2 2905 0.7+0.3 40+10 |33+x04 |13%0.8 41+0.8
10 2705 1+£051 369 2306 (040 29+0.6
20 16+0.1 04+0.11 374 15+£01 |03+0 19+04
40 1.7+£0.2 0.7 £ 0.36 332 1.3£0.2 |0.3+x0 19+£05

C. eragrostis

0.08 3.9+03 0.7+0.24 292 39+03 [33+x04 29+0.3
2 3.7+x0.9 0.8+ 0.35 30+4 31+05 |[3.2%0 3.3+x05
10 2.7+0.2 0.5+0.21 292 3.3+x08 [33+x14 3+x04
20 ND ND ND ND ND ND

40 ND ND ND ND ND ND

I. pseudacorus

0.08 48+1.8 0.4+0.25 33+22 |26+£09 |7+x11 31+15
2 52%1 0.3+0.08 37+10 |28+08 |7+x14 3.3+£0.6
10 53+05 0.2+0.1 26+ 4 16£0.1 |56+1 24+0.3
20 4505 0.2+ 0.06 16+ 4 13+£02 |45+11 25+0.8
40 43+04 0.3+0.04 17+5 1.3£0.1 |41+1 2704

P. arundinacea

0.08 2404 0.4 +£0.03 19+4 13+0.2 |42+138 3.1+04
2 3.2+04 0.3+0.6 15+2 14+02 |3.7+1.1 2.7+0.3
10 2504 0.3+0.18 22+5 11+£01 |3+09 3.6+0.8
20 14+03 0.3+0.08 26+1 08+0.1 (1601 53+04
40 11+0.1 0.2+ 0.09 20+ 2 070 1.2+0.1 3.5+0.6

Mean value + SD for each treatntgn=4). ND: not determined due to no root growth
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Table.Supplemental materiéd. Response surface for the maximum efficiency of PSIIF{Ry/ real
efficiency of PSII (Y(l1)), and noiphotochemical quenching (qNh the macrophyte leaveafterthe
2 manthrexposure to the Cu gradieMean values per treatment @)=

Plant pecies

Cu exposure (UM Cu) Fv/Fm () aN

A. donax

0.08 0.85 + 0.009 a 024+01a 039+01a
10 0.78+003a 037+01a 058+02a
40 051+03a 029+02a 0.64+0.2a
C. eragrostis

0.08 0.82 + 0.03 a* 037+01a 046+01a
10 0.8 + 0.05 a* 052+0.02a 053+0.1a
40 0.77 + 0.03 a* 0.51+0.05 a 054+01a
I. pseudacorus

0.08 0.83 + 0.04 a* 0.18+0.04 a 032+03a
10 0.8 + 0.05 a* 035+02a 043+01a
40 0.82 + 0.02 a* 038+02a 05+01a
P. arundinacea

0.08 0.8 +0.004 a 0.22+0.05 a 072+02a
10 0.77+0.07 a 033+01a 062+01a
40 067+01a 0.37 +0.09 a 06+01a

Mean value + SD for each &tenent (n=5). Values with different letters differ significantly (one way ANC

p-value <0.05). * Wilcoxon pairwise tests.
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Table. Supplemental materiad. Root and shoot Cu concentratiosfsmacrophyte§mg kg') and
transfer factoafterthe 2 monthexposure to the Cu gradiemlean values per treatment @)=

Cu exposure (UM)

Shoot Cu concentration Root Cu concentration Transfer Factor (TF)

A. donax

0.08 4+1 31+10 0.16 + 0.07 a
2 12+3 597 + 284 0.02+0.01¢c
10 42 + 30 1810 + 386 001+0c

20 176 + 103 2864 + 368 0.06 £ 0.03 b
40 121 + 65 3512 + 1372 0.03 + 0.01 bc
C. eragrostis

0.08 3+1 9+1 0.38+0.07 a
2 15+ 4 123+ 31 0.13+0.07 b
10 22+6 256 + 58 0.08+0.01b
20 41+ 22 ND ND

40 247 + 111 ND ND

I. pseudacaus

0.08 + 8+5 0.63+0.19 a
2 59 + 24 0.15+0.1b
10 7 163 + 42 0.04+0.01b
20 21+8 420 + 118 0.06 + 0.03 b
40 38+ 12 1099 + 434 0.05+0.03 b
P. arundinacea

0.08 3+1 5+1 0.59 +0.18 ab
2 9+2 91 + 30 0.11 + 0.06 bc
10 38+ 19 346 + 132 0.11+0.06 ¢
20 200 + 102 839+ 71 0.24+0.12¢c
40 527 + 251 631 + 103 0.86 + 0.37 a

Mean value £ SD for each treatment (n=4). Values with different letters differ significantly (one way A
p-value <0.05). ND: not determéd due to no root growth
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Part . 3. Biomass production with high metal(loid) concentrations able

to integrate Eco - catalysis processing chains

3.2. Implementation of the remediation strategy in situ
3.2. 1. Chapter 5 - Rhizofiltration of a Bordeaux mixtur e effluent in pilot -scale
constructed wetland using Arundo donax L. coupled with potential Cu -ecocatalyst
production
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Rhizofiltration of a Bordeaux mixture e ffluent in pilot -
scale constructed  wetland using Arundo donax L.
coupled with potential Cu - ecocatalyst production

Nadege Oustrierg Lilian Marchand, Eli Roulet, Michel Mench

!BIOGECO, INRA, UNB®RDEAUX, 33615 PESS-RANCE.

E-mails: oustriere.nadege@gmail.comarchand.lilian@gmail.comoulet.eli@gmail.com
mench@bordeaux.inra;fr

Abstract

Rinsing tanks of crop sprayers produces sigaificvolumes of Cuich Bordeaux mixture effluents
(BME) that can be treated by rhizofiltration in constructed wetlands (CWSs). Asgide CW (6 x 600

L) was developed to jointly rhizofiltrate such BME, producerich root mat for ecocatalysis and
provide usable shoot biomass with low Cu concentration. Three CW units were unplanted control (Ctrl)
while three others were planted withundo donaxX.. (Ad) in floating racks. The rhizofiltration was
carried out during 30 days in the early growing seasonl Totaoncentration in the BE was 4.4 mg
CulL™. Copper removal peaked within the 48 first hours @tdeaux mixtureddition inthe Ad and

Ctrl units (i.e. 92 and 81% respectivelyjhe BME Cu concentration met the requirement for indirect
discharge othemical industry effluents (i.e. 0.5 mg Cd)lat Tagn (0.4 = 0.2) and Figays(0.4 * 0.1) for
theAdand Ctrl units, respectivelit day 30, in theAd units,Cu concentratiomemaining in the water
anddistributedbetweenrA. donaxoots, shootsvas respectively3.5, 33 and.5% of the initialCu input.

In the Ctrl units, Cuemainingin water was low (7%andCu removal93%)could be partly explained

by its immobilization in the Cwrich biofilm (i.e. 207210 + 18516 mg Cu Kgcoating the vat wall.

Fdliar chlorophyll (i.e. a, b and tota#ind carotenoid contentiecreased at day 30 but root and shoot
dry weight (DW) vyields increased by 23%nd 47% per Ad unit, respectively. The shoot Cu
concentration remained in the common ratige 320 mg Cu kg') while the root Cu concentration
reached23 + 140 mg kgallowing 786 mg Cu removal by the root mat. Higher Cu concentration in
BME or subsequent repetitions of treatment cycle must be tested to achieve at least 1000 rhg Cu kg

DW in roots (threshold vakifor Cuecocatalyst) whereas the biofilm role must deserve more attention.

Keywords: Bioeconomy, biofilm, biomass, biosourced biochemistry, giant reed,
phytoremediation
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1. ,QWURGXFWLRQ

Several anthropogenic activities, e.g. mining and acid mine drainaget landfilling, pig slurries,

Cu electroplating process, use of-fased fungicides and wood preservation, can result n Cu
contaminated effluentdBgs and Mench, 2008; Jiang et al., 20G2jgue et al., 2013; Cestonaro do
Amaral et al., 2014Basias,2015;Huang et al., 2076 In such effluents, Cu concentration often does

not meet the requirement for direct discharge into lotic water systems. In Europe, the regulation
guideline for indirect discharge of chemical industry effluents is 0.5 mg'QIQRF, 2014). Treatment

of these effluents through conventional physical, chemical, and biological techniques are usually costly
and sometimes operators are not able to fully afford it (Wu et al. aR0lBeir release into aquatic
environment may threat flarand fauna biodiversity, e.g. abundance and species composition as well
as functionality of marine organisms such as mollusca and arthropoda (Baker et al., 2014), bacteria,
fungi (Taylor and Walker, 2016), and algae communities (Rocha et al., 20@6ajaminant
bioaccumulation in plant and animal communities, with further consequences in the food chain and on
ecological functions can also be of concocha et al., 2016b). To prevent ecosystem exposure to Cu
excess, one affordable option is to eithetlemd and purify leachates or directly trest situ
contaminated effluents in constructed wetlands (CW$)OOEFViQ\L HW/ uebal., 2018).
Bordeaux mixture (BM, Ca (OHy CuSQ) is the most Cidpased fungicide used in vineyards, orchards,

and some cash crops (e.g. tomato, potato tubktaikie et al., 201R Its long term application in
Aguitaine France) led to soil Cu contamination (i.e. > 1000 mg Cu, hdackie et al., 2012).
Significant amounts of Bordeaux mixture effluent (BME) occurred in Aquitaine region, notably by
filling and rinsing the tanks of crop sprayeBased on Aquitaine vineyararea (150.000 ha), the
average tank volume (600 L of BME at 159Cu ha' for 3 ha) of crop sprayers, residual volume per
tank (5 L) and an average of 10 treatments per year, the total volume of BME would be 2.500.000 L
(Maille, 2004. Spreading of thesdiluted BME on the field, authorized by the Article L. 263f the

rural Code, contributes to locally increase total soil Cu. To avoid such unnecessary spreading, the
management of BME in CWs is an option. S@W planted with macrophytes aen efficientand
costeffective solution for treating trace elem@&aintaminated wasteaters and effluent@archand et

al., 2010; Wu et al., 208p Cu-contaminated effluents were successfully clapin CWs (Guittonny
Philippe et al., 2014; Marchand et al., 2B 1Mewete and Byrne, 2016).

Among the growing list of plant species used in CWs, Arundo donax L. is an emerging and promising
ones. This rhizomatous grass (Poaceae family) is native from the Mediterranean basin and Eastern Asia.
It was introduced in tempermand hot zones worldwide and it is now considered as naturalized species
considering its wide distribution (Nsanganvimana et al., 2014). This characteristic makes its use as
suitable species in CWs in southern European regions, albeit its invasiveaesmiter of debate
(Bonanno et al., 2012pArundo donax is tolerant to TE excess: Zn, Cr (Kausar et al., 2012; Li et al.,
2014), Cd and Ni (Papazoglou et al., 2005), Cu (Elhawat et al., 2015), and As (Mirza et al., 2010 and
2011).In addition, it displaysnany attractive characteristics for producing biomass, which can be
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potentially converted by several processes (Nsanganvimana et al., 2014). It can be cultivated as energy
crop for bioethanol production, direct combustion and other thermal transform@tidiiasms et al.,

2009; Pilu et al., 2012; Scordia et al., 2012) but also meets requirements for paper pulp production,
construction of wooden build materials (see Nsanganvimana et al., 2014 for a review; Elhawat et al.,
2015; Luka et al., 2015). Despiteese advantages, few studies referenced the ability of A. donax to
phytoremediate contaminated matrices (Vymazal, 2011; Mirza et al., 2011; Bonanno, 2012; Yang et
al., 2012; Li et al.,, 2014; Alshaal et al., 33l and only some concern the rhizofiltratiaf
contaminated effluents (Mirza et al., 2010; Bonanno, 2013; Elhawat et al., 2014, 2015; Shaheen et al.,
2016). In CWs, A. donax removes contaminants such as trace elements (TE) mainly by immobilization
in the rhizosphere and storage in the belowgrouathéss (Sun et al., 2013). Based on this property,

its use to rhizofiltrate Gaontaminated effluents could provide both a belowground biomass with high
Cu concentration and a shoot biomass with a common shoot Cu concentration. This shoot biomass may
integrate the local processing chains (e.g. Energy sector: bioethanol, biofuels, combustion; Potential
fertilizers: compost, biochar, litter; Bioproducts: construction of building materials and plant
fiber/plastic composites, Alshaal et al., 2@lwhereas the &rich belowground biomass may be used

in biosourced (bio)chemistry as @gocatalyst (Escande et al., 2014). Ecocatalysis is based on the plant
ability to produce planborne metal species usable as key reactants to catalyze fine organic chemical
reaction for the production of biorenewable transportation fuels, industrial chemicals and
pharmaceuticals (Clavé et al., 2@L6Copperbased catalysts are promising candidates, as they are
sustainable and cesbmpetitive catalyzers for the high yield productadmextgeneration biorefinery
components (Yuan et al., 2013).

This study aimed at investigating the ability of A. donax in-Bedace water, pilescale CW units
with recirculation of a Cicontaminated BME to (1) rhizofiltrate Cu from the effluent, g2)vide a
Cu-rich belowground biomass potentially usable aseCocatalyst, and (3) an uncontaminated shoot

biomass.
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2.1. Pilot-scale constructed wetland

A pilot-scale CW was installed in January 2015 in a greenhouse (44°4R20°84'48.1"W, INRA

Centre BordeawAquitaine, Villenaved'Ornon, France). This CW consisted in six 800 L plastic vats
with the top removed (width 800 cm x length 1200 cm x height 1180 cm, Denios, Nassandres, France)
and a water column deep of 900 cm. étiits contained submergegump (AquaMaxEco premium

400Q Oase; flow: 4000 L for water recirculation in a closédop process. Three out of the 6 units
containedeach?2 floating racks in polypropylene linked together with plastic rope (60 cm x 40 cm
7.5cm; Ref. 12.3556.01 Axessindustries Strasbourg France) for supporting plant collafsee

graphical abstract).

2.2. Plants

Arundo donaxwas sampled frona drainage ditchSan Remo, Italy, and cultivated by clonal
multiplication since 2011 in a genhouse, Centre INRAARUGHDX[ $TXLWDLQH 9LOOHQ
France. In January 201dud-bearing stems dk. donaxn=100)were sampled and rooted individually

for 6 months (Januafp-June 2014) on perlite imbibed with a quadtrength (1/4) Hoaglandutrient
Solution (HNS)Marchand et al., 20D} in plastic pots placed in polyethylene vats (60 cm x 40 cm x
15cm). Growing mediurwaschangedvery month to avoid anoxia and nutrient depletion. In June, 50
standardized seedlinggere individually transfeed into plastigot (3L) filled with compost (Gonzales
fréres, Martignas sur Jalle, France) and cultivated during 8 monthsZ0aideto Januarg015) in a
greenhouse. In January 2015, plants were collected and roots carefully washed with tap wateeto rem
the compost. In three CW units, 12 plants per weite placedn thefloating racksandfixed at the

collar by a plastic rope. For convenience, we will refer throughout the tekttdof the units planted

with A. donaxand to Ctrl) for the unplargd units.All CW units were filled with 600 L of 1/8 HNS
prepared with tap watéBupplemental material) {Marchand et al., 20b4. Floating racksvere fixed

10 cm above the water surface using plastic rope. Plants were cultivated during 14 monting- (Janua
2015 to Marck016) in this culture medium up to 26 month old. Every month 50L&fFINS were
added per unit to avoidutrient depletion. Tawater was twice a week added into the CW to maintain
the water level. In November 201b.{emberc015), at hie end of the growing season, all the dried shoots
were harvested (i.e. 4.6 + 0.6 RV unit?). At this time,A. donaxoots had totally colonized the water

volume.

2.3. Sampling and analysis

The rhizofiltration experiment was carried authe early gowing season (March 2016)he effluent
retention timgHRT) in theCWstested during this experiment was 30 days. In week 9, one week before
the experiment, CW units were emptied and then refilled @0t L of 1/8 HNS prepared with tap

water in order tdhomogenize the six units. In week 10, Bordeaux mixture (MACC 80 jardin Geolia,
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20% Cu, Weldom, Clermont, France) was added at 4.4 mg'@ortesponding to the BM solubility
limit (roughly 105 pM Cu) into the growing medium for mimickin@®E. After theBM addition, the
water level was nomaintained during the 30 daxperiment to avoid a dilution of initial Cu input
(final volume : 550 + 10 IAd and 580 + 5 LCtrl). Floating racksvere maintained 10 cm above the
water surface. Before contamination o tBW with BM(Tsc) and immediately afte8M addition(To),
water samples (50 mL) were collectesing plastic cupg all CW units. The water samples were
collected at the outlet water flows of the pump. Samplings were repeated 1, 3, 5 and 48 houvs after B
addition and then every 3 days during 1 month. Physhemical parameters, ijpH, redox potential
(Eh), electrical conductivity (ECandCu?* concentrationyere determined in all water samples using
electrodegfHanna instruments, pH 210, combinedcalede Ag/AgCl £34 andCupric ion electrode,
Fischer Bioblock, USA, respectivelyf.oncentrations of Ca, Cu, Fe, Mg, Mn, P, K, Na, and Zn were
determined alnovemberois, Tec (justbefore contamination)o, Tin, Tash, T7days T14days T21days @Nd Bocays

by ICP-OES (Varian Liberty 200, INRA USRAVE laboratory, Iénave d'Ornon, FranceThe Cu

3 R
b é}&y

with [Cu] in mg Cu L. At Tec andTaways total chlorophyll ChiTot), including chlorophyll aGhla)
and b Chlb), and total carotenoid€{d) in the 3" leaf starting from the stem top (2 x 0.5%sampled

removal rate from the effluemtas calculated as follows:— e+~ fZf -t ; L srrF Hsrr

per leaf fom each side of the midrib, one third from the tip) were extracted with- N,N
dimethylformamide for three planp&r units and their foliar contents computed from measurements at
470, 647 and 664.5 nm of the extracts (spectrophotometer CARY 100 Scarfpubgtial., 1998). At
Taodays Water evaporation in the Ctrl units and evapotranspiration iAdhenits were determined by
measuring the difference of water level between the end and start of the experimepaid Tzodays

the maximum stem lettig of all plantsin each unit was measured for determining the dry shoot biomass
per unit, using a linear biometric relationship (maximarmam length vs. shoot dry weight (DW)
biomassheforehand calibrated with. donaxstem samplefR2: 94, Supplemental maial. 2). In the
same wayat To and Tauays the volume of the belowground system (roots and rhizomes, referred
thereafter as root volume for convenieniceg¢ach unitvas measured as Volume = Volume water + root

- Volumewaies With Volumewaer measured after lifting the racks with a pulley systdar,determining

the dry belowground biomass per unit, using a regressimot (olume vs. root DW biomass)
beforehand calibrated with. donaxoot samplegR2: 99, Supplemental materid). At Tec and Tzodays

for eachAd unit, two stems, 10 leaves and 50 g roots were harvested randomly améngitmax
plants,washed twice with deionized water, blotted with filter paper, placed in paper bags, oven dried at
60°C to constant weight for 72h, and grourdl(mm particle size, Retsch MM200). Rhizomes were
not sampled to maintain the plant cover for subsequent treatment cycles. Weighed aliquots (0.5 g DW)
were wet digested under microwav€&EM Marsxpress 1209/) with 5mL suprgpure 14M HNQ,

2mL 30% (v/v) HO; not stabilized by phosphates and 1 mL MilliQ water. Certified reference material
(BIPEA maize V463) and blank reagents were included in all series. Mineral compdsti@@u( Ca,

Cu, Fe, Mg, Mn, P, K, Na and Xm digests was determined by IKBIS (Thermo X series 200, INRA
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USRAVE laboratory, Villenave d'Ornon, Francé)l elements were recovered (>95%) according to

the standard values and standard deviation for replicates was <5%. All element concentrations in plant
parts are expressed in mg or §VIkg'. The Cu removal by the shoots (ki) and the roots
(Cuwoottag) of A. donaxwas calculated as follows: Cu (ug per CW unit) = DW vyield (g of either shoots

or roots per CW unit) x Cu concentration (Ug@W in either shoots or rootsyotal Cu emoval per

CW unit was computed &shoottaor Clkoottso

At T3odays In theAd units, the initial Cu inpuCuro) was divided between Camountremainingin the
water (Cuyatertsg, Cu amountsin A. donaxshoos and roo$ (Cunoorrsoand Cubotrag and Cu amount
located inother compartmentCuoiersta). The Clnerstao( % @rfc p g % ¥@luewasestimatel through a

Cu mass balance (mi) the Ad units and calculated as follaw

(Clothers3) = (Curo) HCuUwaterrsg HClshoottag H(Clkoottso), With Curo (Mg) = [Culro X 600 L (i.e. [Cuto
= 4.4 mg Cu 2); CUyaterrso= [Cu]rz0X (600(L) +EvapotranspiratioflL));

At T3odays in the Ctrl unitsCuro was dstributedbetweenCuyaterrso@nd Clotherstae The Cuerstaovalue
was assessethrough a Cu mass balance (mig)the Ctrl units as follo&® (Cuothersta) = (Curg) +
(CUwaterT39 ; Clwaterrao= [Cu]raox (600(L) +Evaporation(L)).

24. Biofilm complementary analysis

Three months after sfuays after determining the mineral composition of waded plant part@&nd
performinga preliminaryCu mass balance, most tietbiofilm coating the vat wall was collected in
the Ctrl units(but it was not possible to totally reap iyen dried at 60°C to constant weight for 72h
and weighted. lonome (i.e. Cu, Ca, Cu, Fe, Mg, Mn, P, K, Na and Zn) in bidifijests(in triplicate)
was determined by ICMS following the protocol for plant sampléghe biofilmDW yield in the Ctrl
units wasestimated as follog Biofilm DW yield (g of biofilm per CW unit) =Cuiofim (L9 per CW
unit) = Cu concentratiofug g* DW in biofilm) with Cupisfim = ClbthersTzo

25. Statistical analysis

Shoot and root DW yields, shoot and root Cu concentrations, and ChITot, Chla, Chilb, Chla/Chlb ratio,
and Ctd concentrations of A. donax at TBC and T30days were tested using a Student test (T.test).
Normality and homoscedasticity were met for all tests. Differences were considered statistically
significant at p<0.05. Changes in phys@eemical parameters and total Cu and Cu2+ concentrations

of water depending on elapsed time after the addition of Bordeadnrsn{330 days), the treatments

(CW units either unplanted or planted with A. donax), and their interaction were analyzed for both units
using an ANCOVA. All statistical analyses were performed using R software (version 3.0.3, Foundation

for Statisticalcomputing, Vienna, Austria).
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3.1 Water physicechemical parameters
3.1.1.pH, Eh and ECTable 1Fig. 1)

The water pH ranged from 8.4 to 9Adf and 8.5 to 9.1 (Ctrl). It significantly differed between both
treatments (p<0%) but it dd not depend on the exposure duratidmewaterEh significantly increased

in both treatments after the BM addition all along th&l89 experiment (p06) and was significantly
higher in theCtrl units than in thédd ones (p9.0002: it ranged (mV) fron 213 to 27ZCtrl) and 230

to 281(Ad). Conversely, the water EC (uS ¢jrwas significantly higher in thad units (p<0.000J)

than in the Ctrbnes: it increased with the exposure time from 44§ (0 512 (TGosay9 and from 440

(T1n) to 456 (Bodayy in the Ad andCtrl units, respectivelyp<0.002.

Table. 1. Results of the ANCOVA investigating the effects of elapsed time after the addition of

Bordeaux mixture ({80 days), the treatment (units either unplanted or planted with A. donax), and their
interaction on water parameters.

Parameters Df Mean sq Fvalue p(>F) P

pH

Time 1 0.0009 0.000898 | 0.029 0.9

Treatment 1 0.1 0.138017 | 4.4612 0.04 *

Time X Treatment 1 0.0514 0.051401 1.6615 0.2

Residuals 92 2.84623 0.030937

Eh

Time 1 1846 1846 5.4494 0.02 *

Treatment 1 5452.6 5452.6 16.0965 0.0001 ***

Time X Treatment 1 340.3 340.3 1.0046 0.3

Residuals 92 31164.6 338.7

EC

Time 1 9979 9978.7 9.8372 0.002 **

Treatment 1 18568 18568.2 18.3049 4.6 x 10°
*k%

Time X Treatment 1 1651 1650.9 1.6275 0.2

Residuals 92 92309 1014.4

cw*

Time 1 143.331 143.331 88.7017 6.9 x 1815
*k%k

Treatment 1 6.529 6.529 4.0405 0.05

Time X Treatment 1 0.009 0.009 0.0053 0.9

Residuals 92 138.966 1.616

Cu

Time 1 161.848 161.848 21.2044 45x 10°
*k%

Treatment 1 1.026 1.026 0.1344 0.7

Time X Treatment 1 0.005 0.005 0.0006 1.0

Residuals 38 290.045 7.633

MPV]I(] v 0 A 0eW ZZZZ[ iXIiZZZ[ iXiiZZ[ iXiAzZX[ iXiz[iV (W PE }( (E
Fvalue: Fisher value, Means sged of squares
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Fig. 1.ANCOVA plot for (A) pH, (B) Eh, (C) EGn the water of£W units either planted witA. donax

(" EODHOuvodlaRte{ | G R W Wddiig@hke Goithy exposure to the Bordeaux mixture effluent
(n=3 per treatmeitThe trend line powermal shaded areagere donated by the ggplot library of the
R software Theyrepresent model predictions armatrespondingtandard error (95%).

3.12. Total Cu and Cu2+ concentrations and Cu removal (Table 1 and 2, Fig. 2)

The water Ctf concentration (ug ££) decreased for both treatments with the exposure time.(Q907
from 6 to 0.5 Ad) and 6 to 0.6 (Ctylbut it did not differ between the treatments (p=0.05). At, The
Cu removal rate was almost complete, reaching 92% and 81% Adtaed Ctrl units, respectively.
After 48h of exposure, the Cu removal rate slightly increased over the 28 left dayiange?o and
93% in theAd and Ctrl units, respectively. The residual Cu concentration (fMglécreased for both
treatments with the exposure time (€003, but did not differ between both treatments (p>0.05).
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Table.2. Total Cu concentratiofmg L) and Cé* concentration in watdpg L), andCu removal rate
(%) in the CWunitseither unplanted golanted withA. donax during the 38dayexperiment (n=%er
treatmenk

Time (day) Cu Removalrate Cu?*

(mg LY (%) (ug L)
A. donax
0 44+0 - 6+3
2 0.4+0.2 92 2+0.3
7 0.2+ 0.03 96 05+0.2
14 0.1+0.01 98 05+0.2
21 0.1+0.04 98 0.9+0.2
30 0.1+ 0.03 98 0.5+0.1
Unplanted
0 44+0 - 6+2
2 0.8+ 08 81 31
7 1.1+0.3 75 2+0.7
14 0.6+0.2 86 1.1+0.3
21 0.4+0.1 91 1.7+0.6
30 0.3£0.1 93 06+04

Mean value + SD for each treatment.

o
..................... L0 TTT PRI S A © B
4 —0
15 20 25 30
Time (day)

Fig. 2.Cu concentraton(mgL LQ WKH ZDWHU RI &: XQLWYVY HLWKHU SODQWH
RU XQSODQWHG | GRW-YaH&p&suwre td thé&sBokieapx mitrel effluent (n=3 per
treatment) and guideline for indirect discharge of chemizhlstry effluents (grey line). The trend line

of the power function were donated by the Excel software.

3.2. Plant parameterd &ble3 and 4)

During the 3@day exposure, the root and shoot DW yields significantly increased by 23% and 47% in

average peAd unit, respectively. At g, shoot Cu concentration was2 + 1.3mg Cu kg'. This value
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did not significantly changat the end othe experiment (i.88 + 2.5 afl3way9. Conversely, root Cu
concentration was4.6mg Cu kg' at Toand623 + 140 mg Cu kfat Tawaysbeing 43 times higher than
at To. Consequently, root Cu removal was 66 times higher than shoot Cu removal. Betvaeeh T
Taodays ChITot decreased frorB03 to 71mg m, andChl a andChl b significantly dropped (4.7 and
3.3 folds) more thanarotenoids (2.2 folds). Thehl a/Chl b ratio was also lower 8tuaysthan at b.
Table. 3.Shoot and root DW yields (kg), shoot and root Cu concentrations (g d&ud shoot, root

and total Cu removalsng Cu)of A. donaxbefore (Tec) and30 days (%o) afterthe addition of Bordeaux
mixture in the CW unit$n=3 per treatment)

Time ShootDW Root DW  Shoot Cu Root Cu Shoot Cu  Root Cu Total Cu
yield yield concentratior concentratior removal removal removal
(kg) (kg) (mgkg!)  (mgkg?) (mgCy  (mgCy  (mg Cuunits?)
Tse

0.8+01lb 1+0.2a 6.2+ 1.3a 146+ 1.6a - - -

T30 1 5:+00% 13+00la 8+25a 623+ 140b  12+39  786+179 798+ 181

Mean value = SD for each treatmeMalues with different letteren a columrdiffer significantly T.Testp-value
<0.05).

Table. 4.Total chlorophyll, chlorophyla (Chl a), chlorophyllb (Chl b), carotenoid densitigeng m?2)
andratio of chlorophylla andb in A. donax3-leaves(from the stem toppefore (c) and30 days
(T30) afterthe addition of Bordeaux mixture in the CW ur{its:9 per treatment)

Time Total chlorophyll Chla Chib Chlavs.Chlb Carotenails

(mg n?) (mg ) (mg n?) (mg m?)
Tec

303 £ 156a 226 + 124a 77 £ 32a 3+0.5a 32+ 17a
Tso

71+23b 48 + 17b 23+ 6b 2+0.3b 14+ 2b

Mean value = SD for each treatmeXtlues with different letterin a columndiffer significantly T.Test p-value
<0.05).

3.3. Cu mass balancé&ig. 3

At Tsuays in theAd units, a layer of senescent biormagas noticed on the vat bottom and only a thin
blue layer was visible on the plastic walls. Conversely, in the Ctrl units, a visible blue biofilm was
coating the vat walls without a biomass layer on the vat bottorzddys Cu in theAd units was
distributed between the roots (33%) and shoots (0.5%), Cu remaining in the water (3.5%) and 64% in
other compartments likely including rhizomes, decaying gianbe organic matter (OM) on the vat
bottom, and biofilm on vat walls. In the Ctrl units, Cu wasritisted between Cu remaining in the
water (7%) and 93% in other compartments (e.g. biofilms, sorption on CW plastic walls). Three months
after Tsoays based on the Cu concentration in the biofilm coating the vat wall (i.e. 207210 + 18516 mg
Cu kg'), we estimated thatiround 11.4 g of biofilm per vt8 mg L) would be necessary to explain

the 93% Cu removal in the unplanted CW units.
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1 others (biofilm, plastic walls, etc.)[C_] Others (biofilm, decayed organic matter, etc.)
C water 1 water

B shoots

Bl Roots

Fig. 3 Copper partitioning%) in the CW unplanted (A) or planted with donax(B) after the30-day
exposure to the Bordeaux mixture effluent (n=3 per treajment

'LVFXVVLRQ

At Tauays SOlubleCu corresponded respectively tso2&nd 7% of the initial Cu amount in the planted
and the unplanted CW unitslthough theremoval rates of total Cu and free®Cwere slightly higher

in the Ad units along the experiment, the Ctrl units also displayduginand fast Cu removal pattern.
The experiment lasted one month but Cu removal rate quickly re828edn theAd and 81% in the

Ctrl unitswithin the 48 first hours after BM addition in both units (Table 1). This fast Cu removal in
unplantedCW unitsagreed with several previous studi€si removal rate in unplanted CW units was
higher (i.e. 4049 %) than in @uncus articulatud.. andPhragmites australi¢Cav.) Trin. ex Steud
planted CW units (i.e.-35 %)in a closedoop pilotscale CW filled with 2.5 uM Cu (CuSG) spiked
solution (Marchand et al., 20ty Similarly, Typha angustifolid.. andP. australisplanted units in a
mesocosnscale horizontal CW (both free water surface and subsurface flow) filled with wastewater
from primary settlewere les efficient than the unplanted ones regardidhgAs, Fe, Mn, Pb and Zn
removals(Pedescoll et al., 2015). Thesathorspostulated that the substrate (i.e. a mix of gravels and
perlite and gravels, respectively) was involved in TE removal mainly by che(ait)sorptionHere,

the Ctrl units did not contain any substrate thus other compartments such asdrofdiwallsvould

be involved in Cu removal.

4.1 Copper removal by\. donax

In the Ad units, 33% of the Cu input were likely trapped into anadhe giant reed root mat through
two mechanisms (Fig. 2): (1) it provided Cu sorption sites and (2) it directly absorbed and stored Cu.
The slightly oxidative environment in the units (i280 - 281 mV) favored Fe/Mn oxyhydroxide
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precipitation onto theoot surface, leading to the formation of a Fe/Mn plaque providing Cu binding
sites and contributing to decrease dissolved Cu concentration (Table 1) (Mantovi et al., 2003; Otte et
al., 2004; Kissoon et al., 201@rundo donaxcan also uptake and storedarTE amounts in its roots:

A. donaxexposed 15 days to pebpntaminated wastewater from electroplating (i.e. 0.7 uM Cu)
showed root Cu concentration of 630 mg Ct KV (Sun et al., 2013). Giant reed exposed 2 months

to a Cucontaminated nutrient solot (i.e. 40 uM Cu) showed root Cu concentratior3®t2 + 1372

mg Cu kg' DW. Conversely, af soaysthe shoot Cu concentrationsAfdonaxwas within the common

Cu values in aerial plant parts 20 mg Cu kg, TremetSchaub and Feix, 2005). This disagd with

Sun et al. (2013yvho found higher shoot Cu concentrations Aordonax However in both studies,
authors used young seedlings with low root and shoot biomass while here, plants were 26ldnonth
with a voluminous root mat. This highlights thdlience of using a mature CW system for correctly
assessing thelative treatment benefits of this plant species (Brisson and Chazarenc, 2009). Higher Cu
concentration in roots than in shootsfofdonaxwas explained by Cu accumulation mainly in roots

and rhizomes until this belowground biomass became saturated and then Cu transfer to the shoots
increased (Mavrogianopoulos et al., 20BRiawat et al., 2015Here, only 3 % of Cu input was located

in the giant reed shoots, 10 times lower than in thesr@able 3). This confirmed giant reed as a Cu
excluder Elhawat et al., 2014, 2015).

4.2. Copper removal by periphyton

At Taoays in the Ctrl andAd units, respectively 93% and 64% of the initial Cu amount was located in
other compartments than the cesal BME or/and the roots and shoots®ofdonax(see above, Fig. 3).
Since no substrate was used in our CWs, this Cu amount was expected to be mostly bound with the
periphyton (also calledbiofilm). The vicinity of the support matrix, stems and roots @aferred
environments for many micforganisms to attach and to degrade pollutants in the phytoremediation
process (Valipour et al., 2014). In tAd units, aCu precipitate was visible only during the first 2 days
of the experiment then a thin blue layas visible on the CW walls. In the Ctrl units, a Cu precipitate
wasobservediuring the first 2 weeks of the experiment, fading with time and gradually replaced by a
blue layer on the plastic walls leading to the formation of a blue biofilm coatingathealls (i.e.
207210 + 18516 mg Cu Ky Biofilms are key players for Cu removal in CWs (Tanner and Headley,
2011; Valipour et al., 2009, Marchand et al., 2)1&uch biofilms contribute to TE removiibm
contaminated effluents thought complexation mmdexchange (Choi et al., 2009; Sheng et al., 2010;
Han and Tao, 2014). The extracellular polymeric substance of biofilms contains various active
functional groups, e.g. carboxyls, phenols, hydroxyls, carbonyls, groups containing phosphorus and
thiols (Sheng et al., 2010). In thetrl andAd units,free C/?* may have been gradually partly sorbed by
theextracellular polymeric substances of tiefilm. Few studies supported this hypothe&dt et al.
(2014) reported that biofilm sorption contributed5@% of Cu removal in CWs filled with wood
leachateSekomo et al. (2012pund a sorption 019% in the resident biofilm from a @ontaminated
effluent. In a CW spiked with Cu, 14 bacterial strains were isolated from the surface of the support
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matrix, and9 from the plant root surface, but microbial populations were reduced above the detection
limit at 30 mg Cu L (Valipour et al. 2014). Here we estimated that around 11.4 g of biofilm per vat
would be necessary to explain the 93% Cu removal in the uagdl@W units.

4.3. Copper sorption by the decayed OM and bound to dissolved OM

DecayedOM derived from plants can sorb Cu amay contribute to explain the deficit in Cu mass
balance in thé\d units (i.e. 64%, Fig3). In theseunits a smalllayer ofdecayng OM was noticed on
the vat bottom alsways but it was not possible to collect it without drying the vats and affecting the

future plant growth.

Differences between total Cu and“Cuaoncentrations in water were important at all sampling times
(Tab. 1): e.g. by difference, Cu complexed in solution with organic and inorganic ligands would be
99.5% and 99.8% atzdin theAdand Ctrl unitsDissolvedOM (DOM) is a key player for Cu speciation

in CWs mainly through the formation of €2OM complexegGrybos et al., 2007; Ashworth and
Alloway, 2007;Guigue et al., 2003 The DOM fractions are multiple: particulates (e.g. bacteria),
colloids (e.g. peptidoglycanes, fulvic acids, hydreagids and acidic peptides, basic peptides,
carbohydrates, etc. Chen ét 2003; Du et al., 2014, Yao et al., 2016) and they provide functional
groups for Cu ion exchange, e.g. carboxyls, phenols, hydroxyls, carbonyls, amines and thiols (Gill et
al., 2014) Lower Cif* concentrationin water ofthe Ad unitsas compared to th@trl units on the 21

day period (Tab. 1) may be dueadditional Cuchelatingcompounddrom the rhizosphere microbes
androot exudates, e.g. mugineic acids, histidine, citrate, etc.. Water Fe concentration (likely Fe(lll)
inorganic and organic compleewas relatively low and decreased during the experiment, i.e. between
80 and <20 ug Fe Lin bothAd and Ctrl units. In response to such low Fe availability, grassy species
such as giant reed may have produced-boohe ligands such as phytosideropisofe.g. mugineic

acids derived from nicotianamine) to promote Fe uptake and indirectly bind Cu in solution (Tsednee et
al., 2012, Schenkeveld et al., 2014). A. donaxtranscripts, homologous to genes involved in
transporters for metal ions complexed withotianamhne (YELLOW STRIPE1LIKEgenes) or citrate
(FERRIC REDUCTASE DEFECTIVE 3) were identified (Sablok et al., 20IH¢. aggregation and/or
sedimentation o€Eu-DOM complexegGuigue et al., 2013; El Bishlawi et al., 20183y contribute to
decreaseatal Cu concentration in water of the and Ctrl units with elapsed time (Tab. 1)

4.4 Copper removal by precipitation of mineral phases

Here, water pH values ranged from 8.4 to ®@)(and 8.5 to 9.1 (Ctrl) anchacrophytes andater
recirculationpromded an oxidiing environment (Arroyo et al., 20100 suchconditions,Cu?* may
hydrolyze to formCu(OHY @g, Cu(OH)p@g, C(OH)?* g, Or may reactwith anions including Cl|
COs* and PQ* to form CuCt, CuCQ, and CuHPQ in aqueous solutiofPowell et al. 2007; Reddy
and DelLaune, 2008 omarek et al., 2009 Alkaline and oxidiing conditions can also favdhe

negative charge d¢fe (oxyhydr)oxideand allowtheir potentid coprecipitation with Cuwhichmatched
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with decreasing water Fe concentration during the 30 days of experiment Ad #red Ctrl units
(Supplemental material 4Kadlec and Wallace, 200%larchand et al., 2010Precipitation with
phosphates, carbonatasd nitrates to fornCus(PQy)., Cu(CQ)OH*% Cu(CQ)22*, and Cup(OH)sNOs
may alsdeadto decrease the Cu concentration in the B{fewell et al. 2007)in both Ad and Ctrl
units the decreasediater P concentration along the experimematy reflectthe fomation of Cu

phosphateomplex(Supplemental material 4).

4.5, Removal ratdRequired hydraulic retention time

At Tagnand Tudaysfor the Ad and Ctrl units respectively, total Cu concentration in the BMEQi4+

0.2 (Ad) and 0.4 + 0.1 mg Cu(Ctrl), Table 1) met the requiremerfior indirect discharge of chemical
industry effluents (i.e. 0.5 mg CulL JORF, 2013 but still exceeded the ecotoxicological
recommendations fdotic water systemsf the French Water Agencffreshwater quality0.1 ugCu

LY, SEQ EAU, 2003) in both CW unitafter a 48khydraulic retention time (HRT), total Cu and free
Cu?* concentrations were respectively twice and 1.5 higher in the Ctrl units (0.8)ntigaln in theAd

ones. Thus, the CW units planted withdonaxwere more efficient for removing Cu with a short HRT
step. Such results agreed with a higher Cu reduction at the outlet in CW units plant€dlatifblia

than in the unplanted ones after a 17h HRT (Valipour et al., 2014). The required retention tithe in bo
Adand Citrl units would be here respectively of 2 and 21 days.

4.6 Plants Cu ecotoxicological availability

In plants, Cu excess may induce oxidative stress. This redox metal may be involved idNaker
and/or Fenton reactions forming hydroxyl raBi©V +21% $URUD HW DO 7KLV |
reactive oxygen species (ROS) which may cause severe damage to cells, e.g. polyunsaturated lipid
peroxidation, changes in DNA, proteins and small molecules, damages in the photosynthetic apparatus
deceasing the photosynthesis efficiency and biomass production (Mocquot et al., 1996; Hego et al.,
2016). During the 30 dagxperiment, giant reed plants were exposed from 4)4t¢T0.1 [ 3oday9 Mg
Cu Lt and respectively producéal average300 g and 70@ of root and shoot DW yields per CW unit
(Table 3). Shoot biomass was doubled, whereas the belowground biomass increased by 16%. Similarly,
shoot and root biomass 8f donaxonly slightly decreased when exposed to a 42.5 uM Cu spiked
nutrient solution (Ehawat et al., 2014High Cu exposures (up to 4A&1 Cu) did not show any adverse
effects orthebiomas®f A. donaxplants(Elhawat et al., 2015T.his lack of negative impact on biomass
production despite Cu removal from the water matrix may be expld&ipa range of detoxification
mechanisms thak. donaxikely set when exposed to Cu excdssA. donaxtranscripts, homologous
to genes involved in metal stress responses through chelation and transport were identified;-e.g. ATP
phosphoribosyl transfesa(the ratelimiting step in histidine biosynthegjg\scorbate PeroxidagROS
scavenginy phytochelatin synthase, and metallothiong®ablok et al 2014). However, to detoxify
and limit adverse effects on biomass productiptants need to spend emgrgrhich leaves less
resources for other processes (Audet and Charest, 2008; Maestri et al., 2010). Hgigs doth
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chlorophyll and carotenoid concentrations significantly decreased (Table 4). Chlorophyll degradation
due to Cu excess is a common kesge in macrophytes (Prasad et al. 2001; Srivastava et al. 2006).
Such decreases in chlorophyll concentration may be explained by (1) degradation and/or modification
of chloroplasts induced by Cu excess (see Adrees et al. 2015 for a review), (2) deccbbsephyll
synthesis due to foliar Mg stdeficiency, and (3) inhibition of enzymes such as carbonic anhydrase
due to foliar Zn sudleficiency (Prasad et al. 2001; Monferran et al. 2009). In our stiedpijte HSN
supply, giant reed shoots (stem + legvdisplayed Fe, K, Mg, P and Mwubdeficiencies as their
concentrations were below or in the low ranges for common véluemelSchaub and Feix, 2005,
Supplemental materiab). At Tsways Fe, K, P and Mnconcentrations in the effluent were low
(Supplenental material4). Nutrient concentrations . donaxleaves and roots even gradually
decreased betweenilember01s To and Tzaays €xcept for K and Zn in both roots and stsoand Fe in

the roots. This result may reflect (1) a lack in nutrient akidita likely due to precipitation and/or
sorption on bearing phases (e.g. decaydt] biofilm), (2) nutrient dilution in giant reed biomag$3)

poor plant nutritiordue toCu excess as a nonspecific ion uptake andloalterations of membrane
permeabilly, and (4) disorder in cellular metabolism (Palmer and Guerinot, 2009). One
recommendation to limit this Cu phytotoxicity could be to increasadulréent supply to enhance giant

reed nutrition.

47. Plants as valuable biomass

At T3odays Shoot Cu corentration (i.e8 + 2.5 mg Cu kgtab. 3)was in its common rang@ - 20 mg
kg!, TremetSchaub and Feix, 2005). At the end of the growing sedkesedried shoots can be
harvested, their potential uses being multiple: (1) energy sector (i.e. blwhethanol, Mohd Idris et
al., 2012), (2) cellulosic derived bioproducts, (3) paper industry and (4) biosourced biochemistry such
asproduction of JvalerolactongNsanganwimana et al., 20¢4Evangelou et al., 2014; Vigil et al.,
2015). Giant reed shoots could substitute hardwoods suitable in kraft pulp mills processing chain
without major equipment changes (Lewis and Jackson 2002). Sirearthygan Union has established
the European Directive 2009/28/EC to increase the productioenefvable energy sourcaadthe
biofuel proportion by at least 10% in each Member State by 2020 (Gomes, @@t2ssing of giant
reed shoots produced by phytotediaigies may be a suitable option (Mohd Idris et al., 20127.34tys
after only one treatment cygleot Cu concentration of giant reed (683 + 140 mg Cu kitable 3)
did nofulfill the requirements for Gecocatalysts (i.e. Cu concentration > 16@pkg! DW, Escande,
2014). Some options could both increase root Cu concentration of giant reedGo-ditocatalyst
requirements and improve giant reed Cu tolerance to Cu eX¢sas batch plant inoculation with
endophytic bacteria cggromoteroot Cu accumulation and may enhance biomass production, nutrient
availability, and plant Cu toleranc@/gyens et al., 200Wla et al., 2011); and (Xjilicon addition to
the effluent couldncreaseplant tolerance, plant growth arel accumulation in théelowground
biomasqZargar et al. 201handekar and Leisner, 2011; Caldelas et al., 042 previou®-month
batch experimentoot Cu concentration of. donaxplantsexposed to 40 pM Cu-spiked solution
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(i.e. 1809 + 286 mg Cu K was lower than ithoseexposed to 40 pM Cu+ 1 uM Si (i.e. 2059 + 679
mg Cu kg') and inthe roots ofA. donaxinoculated with endophytic bacteria (EB) axposed td0
UM Cu (i.e. 2278 + 1095 mg Cu Ry Moreover, EBinoculated plantproduced higher root and shoot
biomass at high Cu exposure than moeoculated plants. This option may hélp donaxto fulfill the

requirement for &u-ecocatalyst processing chain.

&RQFOXVLRQ

The Cu concentration in the BME met the requirement for indirect discharge of chemicatyindust
effluents at Tsnhand T1 for the Ad and Ctrl units, respectivelCopperremoval was faster and more
effective in theAdthan in the Ctrl unitdn the planted CW units, Cu was distributemtween the roots
(33%) and shoots (0.5%) &f donax Cu remaning in the water (3.5%) and other compartments such
as the biofilmon vat wallsand the senescent organic matter layer on the vat bottom (64%). Although
devoid of substrate, Cu remaining in the water of unplanted CW units was low (7%), and Cu would be
pattly sorbed by the visible light blue @ich biofilm coating the vat walls (i.e. 207 210 + 18 516 mg
Cu kgh). At Tsways foliar chlorophyll and carotenoid concentrations significantly decreased, as well as
foliar Fe concentration, indicating that theyinthesis was affected by Cu excess while shoot and root
biomass increased. After one-88y recirculation of water, shootsgiint reedlisplayed common Cu
concentration whereas root Cu concentration reached 62% thir&sfiold value for Gecocatalysts
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Table.Supplemental material 1. Main physicbemical parameters of the tap water used to prepared

the BME

Parameters Value
pH 7.3
EC (uS cnt?) 430
Total organic carbon (mg £) 0.6
COs2(mg LY <6
HCOs (mg LY 207
NO; (mg L) <002
NOs (mg LY 0.3
SQ* (mg LY) 34
NH4* (mg L) 0.1
Cl(mg L?) 11

F (mg LY 2

Ca (mg LY) 25

K (mg LY 5

Mg (mg LY 16
Na (mg LY) 30

P (mg LY <0.02
Cd (ug LY <1
Fe (ug LY 185
Mn (ug LY <5
Ni (ug LY <5
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Fig. Supplemental material 2. Relationship between the maximum stem length (cm) and th
dry weight mass (g plaft of A. donax The trend line of the power functiondithe correlatior
coefficient Rz were donated by the Excel software.
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Fig. Supplemental material 3. Relationship between the volume of the belowground plafmpatr
and the root dry weight mass (g pfdnof A. donax The trend line of the lineaegression and th
correlation coefficient R2 were donated by the Excel software.
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Table. Supplemental material. Nutrient concentrationgmg L?) in the water of CW units eitheslanted withA. donaxor unplantedduring the 3Gday
experiment (n=3).

Time (day) Ca Fe K Mg Na P Mn Zn

A. donax

0 351=+1 0.1 +0.08 0.96 (n=2) 19.1+1 43+ 0.5 | 0.04 £ 0.02 | <0.02 0.02 + 0.004
2 322=+1 0.02* 0.7x+0.6 17.7+1 *x <0.02 <0.02 < 0.007

7 32.7+04 0.02* 15+11 176+ 0.1 | * <0.02 <0.02 < 0.007

14 3401 <0.02 0.6+0.1 18.7+£03 |47x1 <0.02 <0.02 < 0.007

21 36.2+2 <0.02 1+1 198+1 51+2.5 | <0.02 <0.02 < 0.007

30 3842 0.02 £ 0.001 05+0.2 2091 55+3 <0.02 <0.02 < 0.007
Unplanted

0 33.3x11 0.05+0.02 71+0.2 18+ 0.6 38+1.2 | 0.02x£0.01 | <0.02 0.04 = 0.005
2 31.3+1.9 0.03* 6+0.6 169+11 |37+x4.1 | <0.02 <0.02 0.02 £ 0.001
7 31.3+0.3 0.03* 6.8+0.3 165+ 0.2 | * <0.02 <0.02 0.02+0.01
14 344+14 <0.02 7.3x0.7 186+08 |41+1.8 | <0.02 <0.02 0.02 = 0.007
21 34621 <0.02 7.1+05 188+11 |41+£21 |<0.02 <0.02 0.02 + 0.003
30 33.9+24 <0.02 6.8+0.8 185+14 |40+3.3 | <0.02 <0.02 0.02 =+ 0.005

Mean value + SD for each treatment (n=3Yatues below the detection litnwere removed (n=1)
** gutliersvalues
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Table.Supplemental material 5. Stem, leaf and root ionomes (mM@®Kd) of A. donax after 11 monthsf cultivation in the unit§Tnovembre 2015 before the addition of
Bordeaux mixture (dc) in the CW unitsaand after the 3@ay exposure @h). In bold, valuedelowthe commonconcentratiogin plants

Ca Fe K Mg Na P Mn Zn
Tnovember2015
Leaf
8949 + 1294 | 64 + 8 18674 + 2963 7067 + 153 59+ 15 1307 + 238 30+ 14 28+ 4
Stem
778 £ 177 40 £ 10 11196 + 8436 1945 + 260 18+ 4 531+ 334 15+5 41 + 15
Roots
3430+ 123 | 80+ 16 7748 + 403 4902 + 956 21+ 7 900 + 69 50 + 28 28+5
Tec
Leaf 5555 + 2245 | 43+ 6 20848 + 2291 4049 + 1619 39+10 1273+ 191
13+ 6 34 +11
Stem 601+ 399 16+ 9 17581+ 3719 688+ 359 21+6 800+ 41
4.8(n=1) 14+ 4
Roots 1855+916 |91+ 33 23586 + 12845 | 2993 + 1291 19+ 10 1095 + 235
57+0.6 32+5
Tao
Leaf 3001+885 | 25+3 20472 + 4004 2358 + 661 20+ 4 1406+ 243
54+ 1 19+5
Stem 1031 + 250 14+ 3 18870+ 7411 1499+ 212 24+ 8 1174+ 709
<0.02 23+5
Roots 1355+ 77 90 + 37 19469 + 2712 2220 + 62 13+11 726 £ 115
54+04 32+4
Common shoot
concentrations* 100050000 | 20- 300 2000050000 15008500 - 16006000 50-500 10-150
Arundo donax
shoots** 4300+ 1400 | 40+ 10 3800 + 1000 3000 + 1000 - 3500 + 1200 | - -

Mean value + SD for each treatment (n=3). * (TreBehaub and Fei2005), ** Personal data
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Part . 3. Biomass production with high metal(loid) concentrations
able to integrate the Eco - catalysis processin g chains

3.3. Summary

Reminder Biocatalysis is based on the use of metal species originating from plant biomass with high

metal(loid) concentrations (e.g. unusual oxidation levels, new associated chemical species, and effects
of synergy)Clavé et al 201L63). In this context, a novel research area investig&imbased catalysts
produced from biomass wWittKLJK & X FRQFHQWUDW LROW nked¢d to meetPtile N J
requirement for ecaatalyst production) is emerging. In Aquitaine, France, the Boxdeauure used
in vineyards generatessgnificant amounts of Cu contaminated effluents (BME, 26600.000 L year,
1 Maille, 2004. Rhizofiltration in constructed wetlands (CW) is one option for managing |such
effluents. In parallel, roots (and in a lessxtent shoots) produced in CWs may reach the Cu

concentrations required for Cu ecatalyst production.

The first study of this part aimed at evaluating the capacity of 4 macrophytesriinelo donax..,
Cyperus eragrostisam., Iris pseudacorus., and Phalaris arundinaced..) commonly used in CWs

for producing Crrich root mats Part 3, Chapter 4). These 4 macrophytes were assessed on a Cu
gradient (i.e. Ctspiked nutrient solution: 0.08, 2, 10, 20 and 40 uM Cu$Q.5H,0) in controlled

batch condibns during 2 monthsAmong them, onlyl. pseudacoruandA. donaxdeliveredroot mats
potentially usable as Gecocatalyst since they respectively peaked up to 1099 and 3512 mg'Cu kg
when exposed at 40 uM Ciris pseudacoruslsoproduced the highesheot biomass but with Cu
concentration within the low common Cu range. Therefore, such biomass can integrate regular
processing chains such as the energy sector (Chapter 4). In-#@ i Cu rangeshoot Cu
concentrations of. donaxwere not sufficienfor its use au-ecocatalysts (< 1000 mg Cuk®w)

but at the same time abotree common shoot Cu concentrations (i.e148 mg Cu kg). This biomass

may be considered as contaminated wastes and cannot integrate regular processing chains. However it
may be composted and used to fertilized&dicient soils as podzols and commercial peat substrates.
Its pyrolyzation is another option. In this stuehe used young seedlingsifonthold) with low shoot
biomass which may enhance shoot Cu concentra&imuording to Brisson and Chazarenc (2008)ng

a mature plant is essential for correctly assessingdiagive treatment benefits of a plant species.
Copper concentrations measured in oumdhthold plants would probably be overestimated as

compared to mture plants.

In a second timeRart 3, Chapter 5), a pilotscale CW was developed to jointly rhizofiltrate BME
while easily managing the biomass produced in the sysarselected\. donaxoverl. pseudacorus
to be planted in the pileticale CW for maxnizing the Cu accumulation in the roots, Asdonax

displayed higher Cu concentration thapseudacoruat the same Cu exposure. Compared to our young
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seedlings, the mature plants in the CW system designed to rhizofiltrate BME dispiglged plant
biomass which could dilute Cu concentration leading to lower Cu concentration in both roots and
shoots.In this way, we made the bet that foliar Cu concentrations of matudenax(>26 months)

would fall in the common Cu range thus allowing this biomasstégratevarious processing chains

(e.g. Energy sector: bioethanol, biofuels, combustRotential fertilizers:compost, biochar, litter;
Bioproducts: construction of building materials and plant fiber/plastic composlies)pilot CW
consisted in 6 uts (800 L each), 3 units being planted wih donaxand three othersemaining
unplanted (Ctrl). The BME has a Cu concentration of roughly 69 pM Cu (e.g. solubility limit). We
investigated the ability oA. donaxin free-surface water, pilescale CW ung with recirculation of a
Cu-contaminated BME to (1) rhizofiltrate Cu from the effluent, (2) provide ai€ubelowground
biomass potentially usable as -€cocatalystand (3) an uncontaminated shoot biomass. Copper
removal peaked within the 48 first hguafter BME addition in both units (i.e. 92% in the planted and
81% in the unplanted CW units) but the BME Cu concentration met the requirement for indirect
discharge of chemical industry effluents (i.e. 0.5 mg Gudt Tisn for the planted CW units arahly

at Toidays for the unplanted CW units. During the-88y exposure, the root and shoot DW vyields
increased by 200 g and 700 g per CW unit, respectively. At day 30, foliar chlorophyll and carotenoid
concentrations significantly decreased, as well daarféle concentrations, indicating that chlorophyll

and carotenoid synthesis was affected by Cu excess. As we expected, giant reed shoots finally displayed
Cu concentrations in the common range for plant shoots (8 mg Cu kg DW) whereas root Cu
concentratiorreached only 62% (i.€623 mg Cu kg DW) of thethreshold value for Gecocatalysts
Subsequent repetitions of treatment cycle must be tested to potentially achieve at least 1000'mg Cu kg
1DW in roots.
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Chapter 4 Chapter 5 Further researches

Option Feasibility of the In situ
appraisal rhizofiltration  strategy Implementation
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Part . 4. General discussion

4.1. General discussion (Part. 1.)

Reminder The European Union has established a diredtigradually displace fossil fuels by biofuel
produed from biomass. Using arable land for mfmod crops is noain option but land requirement
could be met by biomass productionroarginal land includingontaminated siteIn parallel biochars
used 8 amendmens one optiorconsideredy policymakersas a sustainable solution to boost carbon
sequestration in agricultural soils and offset annual increases in atmosphgrio @dition, biocha
hasa strong environmental positive impacts on soil gudi.e. CEC, pH, nutrient stock) and has the
potential ability to immobilize TE.8VLQJ ELRFKDU WR 3LQ VLWX VWDELOL]H’
producing a biomass with metal(loid) concentrations within the commonsageinvestigated.

Can we producea biomass with metal(loid) concentrations within the common ranges, able to
integrate local biomass processing chains, through the implementation of phytomanagement options
on metal(loid}contaminated matrices?

This was the first issue of this BhTo answer, we chose to study the ability of biochar, used alone or

in combination with compost and iron grit, to in situ stabilize contaminants inr@@aminated soll

from a wood preservation sit€ljapter 1) and in a Cd, Pb and Zn petpntaminatedsoil nearby a

Pb/Zn smelterChapter 2). A short term pot experiment, anek biotest realized with dwarf beans
(Phaseolus vulgari&..) used as bioindicator (preceded by-m@8nth reaction time between soils and
amendments), allowed to evaluate the ameandmaffect on soil phytotoxicity. A first step towards a
successful phytomanagement option was to select relevant amendments able to reduce pollutant
linkages. Based on these studies, we were able to sgipobpriate biochar and combination of
amendment®r a sustainable stabilization of metals in the soil in pot experinmeail.our experiments,

biochar alone was not sufficiently efficientdecrease the pollutant linkages. However, the combination

of lignin-rich biochar with iron grit or compost léad to longterm metal immobilizatioim the soiland

to the production of a shoot biomass with TE values in the common ranges. Results and reflections that

lead us to this conclusion are discussed thereafter:

One of the main parameters which affengitalloid) mobility and prevent metal(loid) stabilization into

our biocharamended soils was the release of DOM from biochar. It is well established that DOM may
increase metal(loid) mobility by (1) competing with metal(loid)s for sorption sites onto beaasgp

and (2) forming soluble orgarnoetallic complexes with metal(loid)s (Uchimiya et al., 2013). As
reported by Jamieson et,gR014), the DOM released by biochar is closely related to the origin of the
raw material and to the pyrolysis conditions @idhar. In the chapter 1, two biochars were compared,

one made from pine bark chips and the other one from poultry manure. They were both pyrolysed at
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420°C. In general, for the same pyrolysis temperature, biochar contains a higher C conteletrivbén

from plant biomass (e.g. lignocellulosic compounds) than when derived from animal biomass/waste
(Uchimiya et al., 2013). As expected, in the chapter 1, the poultry mdeuxed biochar (1% w/w)

(e.g. low contents of phenolic and lignin materials) release@ DOM than the pine bark chgerived

biochar (1% w/w) (e.qg. ligninich biomasspand, likely due to subsequent Cu complexation, promoted
soluble DOMCu complexes, reducing free €goncentration but increasing total Cu concentration in

the SPW (Chapt 1, Fig. 1). Further investigationsoald characterize such GDOM complexes.
Overall, at short term, biochars which produce high DOM amount do not play their role of carbon

sequestration in soils.

In addition, biochar toxicity due to high salinity, PAgrd volatile organic compounds may affect the
development of plant growth. Negative impact of poultry maiwderéved biochar on plant yield was
evidenced (Chapter Eig. 2). Marchand et a).(2016) reported a decreas&éd%) of seed yield for
rapeseed gwn in a Cd/Cu/Pb/Zaontaminated technosol amended by the same poultry manure
derived biochar. Authors suggested this adverse effect was probably due to (1) higher soluble Cu, Ni,
Zn, Cd, and Mo concentrations in the bioecharended soil and (2) high PA#tposure. Such phytotoxic
effects of biochar through PAH and supply of volatile and biologically active compounds are reported
(Spokas et al., 2010; Kookana et al., 2011; Biederman and Harpole, 2013).

Washing the biochar to partly remove their solublefesttion (notably Na and CI) may be an option

to face these problems. Washing the biochar may (1) remove the water soluble components such as
DOM resulting from the production process of biochar, (2) remove salt and/or potential contaminants
in excess, (3gnhance the formation of watstable macreaggregates and improve soil aggregation,

and (4) free some sorption sites of biochar blocked by DOM compounds (George et al., 2012; Klasson
et al., 2014).

A second parameter affectimgetal(loid) mobility in bocharamended soils was the liming effect of
biochar.In the chapter 2pine bark chipderived biochar was selected for incorporation into the
Cd/Pb/Zncontaminated soil over the poultry mangierived biochar as we wanted to limit the DOM
release from bichar. Its incorporation was at two application rates, 1% and 2.5% (w/w). Increase in soil
pH is one parametaffectingmetal(loid)s in contaminated soils amended by biochar (Bakshi et al.,
2014) : the liming effect of biochar resulted in (1) hydroxide @ide precipitates of metal(loid)s, and

(2) activation of the electrostatic interactions between negatively charged surfaces of biochar and
metal(loid)s.In the chapter Zhe negativelycharged surface area of biochar bo@t Pb and Ziut
released AsB and Mo in the SPW (Chapter 2, Tab. 3). These increases in As, B and Mo concentrations
were higher at 2.5% than 1% biochar addit®mnch mobilization of TE through liming effects of biochar

are reported Houben and Sonnet, 2015; Wagner and Kaupenjoh20itf. Authors reported that
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oxyanions (i.e. U, W and Mo) would behave similarly following an increase in soil pH after biochar
addition (Riedel et al., 2015).

The combination of biochar with other amendments may be an option to diversify the chéicactéris
bearing phases, maximizing the retention of TE in the soil and avoiding the potential negative liming
effect ofbiochar. The combination of amendments such as compost and iron oxides with biochar may
(1) increase the number of sorption site thugdasing TE immobilization or sorption of DOM and

soluble organic complexes and (2) buffer nutrient depleBee¢ley and Marmiroli, 2011)

Most of research papers about combining amendments with biochar into metalgidigininated soils

are related tohe use of biochar with compost. They highlight the positive effect of adding compost in
combination with biochar: improvement ®E immobilization in contaminated soils, increase in total
soil C, N and P, enhanced stabilization of soil aggregates andation of microorganisméBeesley

et al., 2010Sizmur et al., 2011RodriguezVila et al, 2015; Jones et al., 2016). Few studies reported a
higher TE mobilization when soils were amended by both biochar and compost, especially for TE with
strong affiniyy for OM such as Cu, Pb and fddorenaJiménez et al., 201&0orjan et al., 2016).

Responses ahetal(loid) mobility in contaminated soil amended with biochar and compost are very
variable :in the Chapter ladding compost (5%/w) in combination with char(1% w/w) in the Cu
contaminated sofllightly increased nutrient supdhytdid not have a significant effect neither on DOM,
Cu?*, total Cu concentration in the SPW, nor filant growth (Chapter Jig. 1). For the same Cu
contaminated soil, combimg pine bark chiglerived biochar (2.5% w/w) and compost (5% w/w)
allowed thehighest reductions in leachable Cu and plant yield (sunflower) improvements (Jones et al.,
2016). In the chapter 2, compost added with the pine bark-d&ifved biochar in th€d/Pb/Zn
contaminated soil decreased the SPW Cd and Pb concentrations and the shoot Cd and Zn concentration
of dwarf bean as compared with biochar alone albeit not significantly at the 2.5% biochar addition rate
(Chapter 2.Fig. 1). In the same Cd/Pb/Zontaminated soil, addition of biochar and compost
significantly increased the shoot Cu and Pb concentratiobelioim multiflorum(Karer et al., 2015).
These increases would be due to high dissabrgdnic carboriound in the biochar/compost amended

soil which may have promoted the formation of soluble organometallic complexes. In caergahst
amendment may stimulate the degradation of more recalcitrant biochar frastsbitapaired its role

in carbon sequestration.

Converselyjncorporation of pindark-derived biochar in combination with iron grit into Cu and Cd/Pb/
Zn-contaminated soils allowed the highest decreased of metal(loid) concentrations in the soil pore water
and plant shoots, leading to the lowest soil phytotoxicity. Cationic metal spawiesoluble organo
metallic complexes have high affinity for Fe/Mn oxides and can sorb on the newly formed Fe and Mn

oxy-hydroxides after iron grit corroded in the amended soil (Tiberg et al., 2016). In both soils, addition
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of iron grit did not result imny adverse effect and always decreased the soil phytotoxicity as compared
to biochar alone. Incorporation of pine bakrived biochar with iron grit could be a relevant
combination to decrease soil phytotoxicityhietcosts associated with such optizere not relatively

high. As estimated by Hanauer et al., (20118, costs would reach Y, 'Ki@ experiments using
Fe(0). The longerm culture of high yielding plants on such contaminated site could partly cover the
additional costs and meet the requiremeriiofmass production for biofuel production.

Amendments and soil componerggolve over the time; moreover, cultivation of plants and their
associated microorganism may change the phyiemical soil properties and some biotic and abiotic
processes may remobilize the sorbed contaminants (Kidd et al., 2015). In the biochachadus

iron grit amended soils, the cultivation of poplars for 2 years did not have any additional effect on total
Cu concentration in the SPW as compared to the results obtained in chapter 1 but increased again the
SPW Cud* concentration (Chapter Fig. 1). Cultivation of A. donaxenhanced the SPW DOM
concentration after a-@ear cultivation in the unamended soil and in the soil amended with biochar
alone. This indicates tha&. donaxwould not be the best species choice, as the enhanced DOM
concentréion decreased the €wne but promoted the total Cu concentration in the SPW. However, the
combination of iron gritwith biocharinto the Cucontaminated soil decreaséatal Cu and Citf
concentrationgn the SPW of pots cultivated i#y. donaxandP. niga through a shifted sorption of Cu
towards metal (hydr)oxides rather than DOM. It aksduced the shoot Cu concentrations of poplar and
giant reed to fit the range of common Cu values for plant shimotserall, P. nigrawould be more
relevant tharA. donax as in the soil amended with both iron grit and biochar, the DOM concentration
was similar to that in the Unt soil, which indicated a stable sequestration of carbon in the soil, over the

2 year experiment.

The reliability of pot studies for prediotj the growth and performance of plants in the field is often
inaccurate, because penvironments differ from field conditions, mainly through the edge effect,
changes in climatic conditions, and establishment of roots in the subsoil (Kidd et al. 2@ &8sults
obtained in pot experiment could hardly be extrapolated directly to the field to evaluate whether the
production of poplar and giant reed biomass is sufficieptdgideenougheconomical value to counter

costs associated with such optmnnot. A rule for a successful implementation of in situ stabilisation
strategy is to follow thenanagement procedures for contaminated land: (1) risk assessment, (2) option
appraisal, and (3) feasibility and implementation of a remediation strategy (Merath 2010).
Following pot experiments, from chapter 1 and 2 (risk assessment) and from chapter 3 (option appraisal),
it is thus commonly preconized to test in field plots the selected phytomanagement option directly on
site feasibility and implementatioof a remediation strategy) for several years and in situ long term
assessment (but not to directly implement the phytomanagement option on all the cluster areas of the

site).
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In order to address the question: Are we able to phytomanage a metaiflaiahinated site to produce

a biomass with metal(loid) concentrations within the common ranges by using biochar, the in situ
strategy was implemented on the-@ntaminatedoil from the wood preservation sitEhis stepmay

allow to detect potential failured phytoremediation option due to lotgrm changes, such as the aging

of the amendments added to the soil, Hat@nual climate variability, pest attacks, deposition and
accumulation of litter, release of soluble organic matter, and changes in aninpdd@ncbmmunities

(Kidd et al., 2015).

Based on a study from the European project HOMBRE (Holistic Management of Brownfield
Regeneration), Jones et al. (2016) found that the combined addition of 5% of compost and 2.5% biochar
allowedthegreatest reductits in leachable Cu and highest plant yield (sunflower) improvements in the
Cu contaminated soil from the wood preservation site. We implemented our field study based on these
results, before to obtain the results of my previous pot experiments (to bsteangiith the planning

of this PhD).Field plots were implemented with biochar (2.5% w/w), alone or in combination with
compost (5% w/w), on the Gepntaminated soil at the wood preservation site and were investigated
with poplars and Giant reeds.

Poplas and Giant reeds were planted in situ in October 2015, as we wanted to minimize the management
practice on site, we decided to not irrigate the plants along the year. In summer 2016, Aquitaine faced a
severe drought and the plants did not grow. This resalin agreement with Bes (2008), who planted
trees in 2005 at this Geontaminated site and also decided to not irrigate thenA¢(nerpha fruticosa,
Populus nigra, Salix capreandS. viminali3. The trees did not survived the summer. The next year,

the same experiment was repeated with a regular irrigation which allowed to increase the survival rate
and growth of the trees. This is also in agreement with Kolbas, (2012) who was forced to water tobacco
plants throughout the growing season, notably fApril to end of August, for maintaining the plants

alive. This emphasized the importance of irrigation for seilagetation. During their first years young

plants must be irrigated until their root system grown enough to empower them in their water suppl

A phytotoxicity test was also performed, using broad b&é&eig fabal.) in the field plots with no
biochar, and biochar (2.5% w/w), alone or in combination with compost (5% w/w), and an
uncontaminated kitchen garden. Both biochar treatments incrédasedot and shoot DW yields as
compared to the unamended soil (Additional informatkig, 2). The shoot Cu concentrations of all
broad bean plants were slightly above the range of common shoot Cu values. This experiment
highlighted how the pinbarkderived biochar, alone and in combination with compost, is able to
produce a biomass on site with low shoot Cu concentratiomwever, it is also important to keep in

mind that &iotic conditions such as drouglbt pest, in addition to soil Cu contaminatiotust be taken

into account irphytomanagement opti@as they mayhreaten thie success.
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4.2. Conclusions and perspectives (Part 1)

The chapter 1 gaugs the opportunity to underline how biochars react depending on their properties and
led to differenimetal(loid) mobilization in the soil. The remobilization of Cu in this study due to biochar
application is not an isolated example. In the past, several studies indicated a metal(loid) remobilization
due to DOM released from bioch@iedel et al., 20134dartley et al., 2009; Kloss et al., 2014). Among
metal(loid)s, those with strong affinity for OM such as Cu and Pb or competing with DOM (e.g.
Arsenicals) would & more subject to be remobilized from bearing phag&nhanced DOM
concentration is one of thgvotal problem in biochar amended soils. In further experiments, we must
analyze the composition @OM released in our experiment to determine its origin and composition
(i.e. released from biochar compounds, decayed plant litter, microbial and rasitideys, and
hydrolysis of insoluble SOM). Fluorescence regional integration (FRI) could help us to provide
information about the source and characterize the composition of DOM (Yao et al., 2016). Moreover, a
high pyrolysis temperature generally produseshars with a high level of stable C (Singh et al., 2010).
Increase in pyrolysis temperature from 420 to 520°C would decreased DOC concentration from our
biochar (Uchimiya and Bannon, 2013).

A general guideline for the in situ stabilization of metat{jaiontaminated soil with biochar would be

to select biochar pyrolysised at higher temperature for limiting DOM release and the subsequent
remobilization of metal(loid)sA secondguidelinemust be to wash the biochar before usingdt.our
knowledge, ont few studies washed biochar as a-eatment and none of them concern metal(toid)
contaminated soil. To examine whether or not washing biochar is a relevarggineent, the short

term pot experiment from chapter 1 and 2 must be repeated to compafetit of washed and un
washed biochar on metal(loid) mobility, soil phytotoxicity and DOM release (George et al., 201;
Klasson et al., 2014).

The Chapter 2 points out how important it is to consider all the TE composotgaminated soil before
seleting a phytomanagement option. For biochar, its liming effect imayobilize somemetabk but
increasehe mobility of otheelements (including metal(loid)s in oxyanion forms). Oveithichapters

1 and 2 highlighted how important it is to combine barcaddition with other amendments in order to
diversify the characteristics of bearing phases and maximizing the retention of TE in the soil. However,
as a general guidelinepmpost should not mnsidered as a standard amendmeadtbin combination

with biochar as it is currently done in reseapdpers.The response ofmetal(loid) mobility in
contaminated soil amended with biochar and compost could be variable depending on the amendment
guality and application rate, TE contamination and local soitlitionms. Moreover it may evolvever

the time.The mechanisms governing sorption/desorption of contaminants from biochar(s) over the time

are not well understood. In a further experiment, one step forward must be to characterize amended soil
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samples over ifferent period of time to detect any changes in their composition using elemental
analysis, SEM (electron microscopy system), BET (surface area measurement), FTIR (to quantify the
functional groups and aromatic carbon groups) and XRF (to determinertienédd composition of the
samples) as performed by Abdedttah et al. (2015).

This work has shown that combination of biochar and iron grit can be used as relevant amendment for
the in situ stabilization of @u-contaminated soil from a wood preservatsite (Chapter 1 and 3 and

in a Cd/Pb/Zrcontaminated soil nearby a Pb/Zn smelt€hdpter 2). In all experiments, plants
displayed shoot C;d, Pb and Zzoncentrations in the range of comm@iues However in the three

first chapters, no treatment wable to increase the plant yield as compared to the untreated soil.
Additional mineralfertilization (NPKAfertilizer) must be considered even though this option will
increase the phytomanagement cost and will not facilitate maintenance operation.ihmgthegtlants

with endophytic bacteria could be a second option. Improved Cu tolerance and biomass production were
previously reported in plants inoculated with endophytic bacteria depending on the extent of Cu
exposure (Weyens et al., 2009; Kolbas et 2014). Moreover, in further experiment additional
amendment in combination with biochar may be tested to avoid the cost associated with the use of Fe(0).

The results from these three chapters came from pot experiments. They were useful to evaluate the
reliability of in situ stabilization strategies but did not allow to draw conclusions on whether in situ
stabilization using biochar is a relevant option to prodoicenass with metal(loid) concentrations
within the common ranges. Base on the literatuneg lterm casstudies of biomass production on
biochar amended contaminated soil were reported only 4 time@spot experiment, root and shoot
biomass produced Hyolium multiflorumLam. was unchanged in a (Cd, Zn, and4ebhtaminated soil
amended with % miscanthuglerivedbiochar after 28 days and 56 days, bigchar amendment
reduced the extractability and bioavailability of Cd, Zn andHRluben et al., 20E3b). In a field study,

2 years after amendment, grain yields and biomass of wheat werdentécdby both rate 10 and 40 t

ha' of wheat strawderived biochar addition in a Cd contaminated paddy soil but biochar reduced Cd
concentration in wheat grains (Cui et al., 201@¢rmination of grass (mix dfestuca rubral. and
Lolium perennd..) on sie failed in a 3year field experiment on a contaminated (Ni/Zn) soil amended
with broad leaf hardwoederived biochar (Shen et al., 201&Wwo years after amendmeroplar
derived biochar enriched with compost and nitrogen reduced the labile metahfi@atie Cd, Pb and
Zn-contaminated soil from Arnoldstein area and allowed the production afinaontaminated

Miscanthus biomassuitable for energy crop production (Puschenreiter et al., 2016).

Once again thesdiversified results based od@av numberof studiesdo not clearly evidencehether
in situ stabilization using biochar is a relevaostainableption to producdiomass with metal(loid)
concentrations within theommon ranges. In our site, the in situ stabilization option implemented

generatd limited results because of drought and the experiment needs to be covitmwegular
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irrigation of young plants to let us draw conclusions about this question. One other option could be to
select plants with higher drought resistance as the tobactantriines which showed outstanding
performance in drought resistance, in shoot DW vyield, and shoot metal (Cd, Zn, and Cu) removals on
contaminated soils at the Biogeco site (Kolbas, 2012). Thereafter, biomass productivity and its
sustainability over thegars need to be assessed and we also must ensure that this biomass must integrate

regular processing chains.
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4.3. General discussion (Part . 2))

Reminderin Aquitaine, France, a secofatedissue with Cecontamination is the significantmounts

<

of Bordeaux mixture effluent (BME) generated by vineyamebtection against powdery mildev
Spreading of these diluted BME on the field contributes to locally increase total sBhi2afiltration
in constructed wetlands (CW) is one of the ways to manage hueEnes. TKH SUKL]J]RILBMEUDWLRQ”
may produce both rogand in a lesser extent shodb®mass with higlCu concentrationdn parallel,
biocatalysis is basewh the use of metal species originating from plant biomass with high meta|(loid)

concentrabns. Among metal Cu-ecocatalystaire of interestThe use of UKL]RILOWUDW|LRQ ™ R
produe a biomass with high Cu concentrati@dapted t&Eco-catalysiswas investigated.

Can we produce a biomass with metal species originating from plant bionsasi#h high metal(loid)
concentrations through the implementation of phytomanagement option on metal@oditaminated

matrices?

This was the second issue of this PhD. To answer this question, we chose tthatadifity of 4
macrophytes frequently used CW to produce Cuich root and rhizome mat§Chapter 4).
Accordingly wedevelopedh pilot-scale CW planted witArundo donaiL. to jointly rhizofiltrate BME

while producing a Cuich root mat for ecocatalys{€hapter 5).

Before to implement a pilatcale CW able to treat BME, we wanted to ensure that the selected plant
species to be cultivated in the CW may display a root biomass with Cu concentratiommglGo0kg

1DW (threshold value for Gecocatalysts production) and shoot Cu concentration wieitommon

range (which can integrate regular processing chains). Out of macrophytes generally used in CWs, four
were selected for their ability to accumulate high root Cu concentration and/or tolerate high Cu exposure
and produce an abundant biomass. Dwbof these 4 plant specids, donaxandlris pseudacorus..,

met the requirement to be cultivated in such CW and Anljonaxwas chosen to be implemented in

our pilotscale CW. Results and reflections tlegdus to thisconclusionare discussethereatfter:

In the chapted, A. donax, Cyperus eragrostisam,, Iris pseudacoru&., andPhalaris arundinaced..

were exposed to @u concentratiorgradient (0.08, 2, 10, 20 and 40 uM Cu) in batch conditions during

2 months. We found th&. eragrostisand P. arundinaceawere not relevant species to produce Cu
ecocatalyst as they were clearly too sensitive to Cu exposure and did not meet the requirement for Cu
ecocatalysts. Fd?. arundinaceawe expected a higher shoot biomass production at high Cu exposure,

as the sampled population was supposed Cu tolerant according to Marchand et al. (2014a). In this study,
authors found a consistent root biomass productid?. afundinacean the 0.08 £25 uM Cu range.

We might assume that we did not sample exactly #mespopulation. Fo€. eragrostis,we also

expected a higher Cu tolerance and root Cu concentration, as high Cu concentrations were previously
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measured in othéyperus spfor a lower exposuré.e. Cyperus alternifoliust310 mg kg, Sun et al.,
2013).These resultemphasized the need to deepen the researchtrarspecificand interspecific
variability of Cu tolerance.

Conversely,l. pseudacorusaand A. donaxwere both Cu tolerarand delivered root mats potentially
usable as Cecocatalys{Chapterd, Fig. 2 and 3. Iris pseudacoruslisplayed abundant shoot biomass
with low Cu concentrationusable by regular processing chaindn the Chapter 4, h®ot Cu
concentrationaof A. donaxwere not sufficient for its use as €uaocatalysts but too high to b&nage

in regular processing chains.

Although Brisson and Chazarenc (2009) expressed their concerns about how extrapolating results
obtained from young plant seedlings may misleading the prediction of treatment benefits of a plant
species in mature CW ggsn, still a lot of studies use young plant seedlings in their experiment (usually
to fit in the timing imposed by their project funder). In your study, the plants warenthold, still
immature and with a low shoot and root biomass compared to maaumts.prhus we assumed that the

Cu concentrations measured in oum@dnthold plants would probably be overestimated compared to
mature plants (according to dilution in the biomass). For a similar Cu expédsuwtenaxdisplayed
higherCu concentration intg roots tham. pseudacorusin the pilotscaleCW, we wantedo maximize

the Cuaccumulatiorin the roos, thus weretainedA. donaxoverl. pseudacorusin this way, we made

the bet that root Cu concentrations of maturdonax26-monthold) will still meet the requirement of

Cu concentration for Gacocatalysts and foliar Cu concentrations of maturdonaxwould fall in the

common Cu range

It is however reported th&t. australismay take up to 3 years before reaching maturity (Vymazal and

.U S oraCr005). We assumed that it took roughly the same tinfe ftmnaxo reach maturity. When

we perform the experiment to rhizofiltrate the BME in the psicdle CW planted witA. donaxthe

plants were more thanyZarold (26monthold) and the mesesms were almost mature. As we
expected, after 30 days in the CW, giant reed shoots finally displayed Cu concentrations in the common
range for shoots, but root Cu concentration reached only 62% thir&stold value for Gecocatalysts
(Chapter 5, Tabl8). The large difference of Cu concentration accumulated in the roots of young and
matureA. donax,independently of the Cu exposure emphasized the need to use mature plants for the

prediction of treatment benefits of a plant species.

In chapter 5, planteCW units were compared to unplanted CW units. In both cases, Cu removal peaked
within the 48 first hours after BME addition. These results reopens the debate about the role of
macrophytes in CW (Chazarenc and Brisson, 2009; Marchand et al., 2010). elralgauthors

postulated that the substrate was involved in TE removal mainly by chemical (ad)sorption. However,

here our unplanted CW units did not contain any substrate and we suggested that other compartments
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such as decayed OM and biofilm would be iwred in Cu removalThe measures of Cu concentration

in the biofilm (i.e.207210 + 18516 mg Cu kg) coating the vat wall, showed us that only 11.4 g of
biofilm pervat would be need to explain the Cu removal in the unplanted CW units. This magnitude is
in adequacy with the biofilm quantity that we estimated (sampling all the biofilm was not possible).
These results highlights the role of biofilm involved in Cu remdsathimmobilization of TE through
biofilms in CWare reportedTanner and Headley, 20;1Valipour et al., 2009, Marchand et al., 2014b).

However, this experiment also showed that the plants in the CW allowed the reduction of hydraulic
retention time (HRT) for BME to meet the requirement for indirect discharge of chemical industry
effluents(i.e. 0.5 mg Cu t). In planted CW the HRT was 48h while in the unplanted CW units it was
21-days (Chapter Fig. 2). This gain in HRT highlights the role of plant macrophytes in such system.
This results agreed with a higher Cu reduction at the dnt@¥V units planted witfT. latifolia than in

the unplanted ones after a 17h HRT (Valipour et al., 2014). However, the removal rate of contaminated
effluent in CW depends on the changes in rhizosphere conditions largely related to seasonality. These
variaions are due to the change of the inherent growth momentum in the plant, as well as changes of
bioavailability and in water (Hardej & Ozimek. 2002). Bragato et al., (2006) stated that to maximize the
purification of effluents, harvesting the aerial patsy@crophytes should be carried out when the
concentrations of TE are the most important in the plants, that is to say the late fall, after plant

senescence.

4.4. Conclusions and perspectives (Part . 2)

The chapter 4 gave us the opportunity to undetiow interspecific variability results in variable Cu
accumulation in root and shoot of macrophytes. To enlargingnétaeophytes list able to produce-Cu

rich root and rhizome mafarther research are needed. Using mature plants is a prerequisite to predic
correctly thereatmat benefits of a plant species. It is important to keep in mind that plant resistance to
transplantations an important factor, in addition to Cu tolerance or Cu accumulation, to be consider
when selecting a plant speciéd the baginning of the batch experiment (chapter 4) savaerophyte
speciesvere sampled anitiree of themSpartina anglica, Phragmites australisdTypha latifoliadid

not resist the stress of transplantation, standardization and growth in culture medium.

In the chapter 5, root Cu concentratiodofindo donaxlid not meet the requirement for ©€aocatalyst.
Once again, the inoculation Af donaxwith endophytic bacteria could improve root Cu accumulation
and plant Cu tolerand@Veyens et al., 2009; Ma et ,a2011). In an unpublished study following the
same protocol as chapter 4, we found that inoculatign dbnaxoy crude seed extracts of @ulerant
Agrostis capillariscontaining endophytidacterialed to higher Cu accumulation in the roots than
without inoculation (i.e5059 + 334and3512 + 1372ng Cu kg respectively at 40uM Cu). To examine
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whether or notnoculation of A. donaxwith endophytic bacterigs a relevant solution to meet the

requirement for Ciecocatalyst, the treatment of BME must bpaated with inoculatedl. donax

Inter-seasonal variability may result in different Cu accumulation in the roots and in the shoots along
the year, herefore, weneed to repedhis experiment at different period of the year, in order to ensure
that the oot Cu concentrationequirement for ecoatalyssis still met. Another way taachieve at least
1000 mg Cu kg DW in A. donaxroot must be to repeaeveral timeshetreatment cycléut we must
ensure that our plants &f donaxareable to standguchrepeatedreatments. It could be interestitm
identify and understand the potential Cu toleraneehanisms if. donax One step further must be to
perform few techniques on osampleto investigate the distribution amsgeciation of Cinto the plant
parts: laboratorychemical micreX-ray fluorescence spectroscopy -fRF) and scanning electron
microscopy combined with energy dispersiveay analysis (SEMEDX) may be assessed to locate Cu
in theroots. Synchrotron basedrdy absorption spectroscopy ynalso be used to (1) investigate the
oxidation states of Cu in different plant parts (Cie#ige *ray absorption neaxdge spectroscopy
XANES), (2) analyze the various ligands involved in metal complexation in various plant pasg (X
absorption fine sticture spectroscopy EXAFS) (Collin et al., 2014). The study of molecular
determinants via the analysis of transcripts may be a second option (Hego et al., 2016).

The Chapter 5 points out how Bim in a key player in Cu removal in CW. One way to lrattederstand

the mechanisms which guide Cu removal in CW would be to characterize and quantify the microbial
communities in the CW (even though we started the experiment with tap water). Characterization of
microbial communities at the end of the treatn®mie would help to determine the microbial strains
involved in Cu removal. It may be accomplished by agarose gel electrophoresis of 16S (bacteria) and
18S (fungal) ribosomal rRNA genes (Zhang et al., 2016).

Although the pilotscale CW would (1) produceraot biomass witlCu concentration >1006g Cu kg
1DW, (2) produce a shoot biomass with I@u concentration able to intesiteregular processing chain,
and(3) be able to treat BME, their implantatiahvineriesare far from realistic nowadays. The eco
catalyst field only boomed recently, the management, the rooting and conversion of this lstilmass
need to be developeRegarding the environment, this p#stale CW may generate none negligible
benefits to restore few ecosystem servica®i@ to ircreasetotal Cu soil andCu leaching thus
protecting the biodiversijy until now no system allowed to easily manage suckc@uaminated

effluent.
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4.5, General conclusion

This work showed the ability of phytomanagement options to limit soil conttiorinby a relevant
management of contaminatetfluents Part 3), to decrease pollutants linkag@af(t 2), and to provide

a valuable biomassPért 2 and 3 (Fig. 1). Our phytomanagement options decreasesxpesure
pathways of contaminants (i.e. envirorantal availability, environmental bioavailability) but also
provide profits for the environment such as the restauratienalbgical functions(i.e. water and soil
quality, cycle of elements such as carbon, increase in plant and microorganism bigglivibuesit
associated ecosystem services, angcamomical valorizationof the marginal lan@Fig. 2).However,
theseprofits still need to be quanidd. Besides general perspectives, several complementary researches
could be initiated to answer severakgtions raised during this work:

Ecological functions and associatedesystem servicé&ig. 2)

Carbon cycldFig. 3):Carbon storagein the soil is one of the main goal of biochar use (Ahmad
et al., 2014). Longerm cultivation of plants in contaminatsdilsamended with biochar may influence
carbon soil storagend needs to be studied. The SOCLE project (203, coordinated by the CIRAD
XQLW 3%LRPDVV ZRRG HQtddd Jd underStarit LaRdSdh&a@tEriz¥Vcarbon storage
mechanisms in $ig and aims to set a method to quantify and evaluate the impact of agricultural practice
on carbon soil storage. The 4perl1000 initiative promotes soil carbon sequestraimelerate the
restoration of soils in order to reverse global warmigollatoration within thes@roject and initiative

can be an option.

Biodiversity In situ stabilization decreases soil phytotoxicity and facilitates implementation of
a plant cover as well as animals (cackets, snailsants, lizards, rabbitgranivorousard carnivorous
birds based on sitebservations atthe ap GD U G G T (\ UiRiqyVhsedt ¥pétiesn the untreated
and amended CGcoontaminated plots needs to be completiddhuk 2012). It could be interesting to
evaluate the transfer of contamit&in these insects through the food chains and networks. Researches
in this direction has already been initiated (Garrouj et al., 2016). In the BIOGECO UMR, Dr.
Castagneyroét al. study the insect pests and could help us with this project.

Water quality The implementation of a CW to treat BME instead to release them on the edge
of vineyards, limits nnecessargpreading of this Gbased fungicide (Bordeaux mixture) on soils and
thus decreases run off and percolation of contaminant (Cu) leading fmaitptove water quality. To
evaluate the relevance of Cgilot installation in wineries, one loAgrm project could be to compare
the water quality around vineyards with and without the management JilGY¥WThe research issue
RI WKH *1DWLR@VAVUMWMYXWBURKWHFKQRORJLHY DQG VFLHQFH
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(IRSTEA-Bordeaux) aim to evaluate thater quality. This project could be done in collaboration with

this institute.
Economical aspectgFig. 2)

Increase biomass yieldssemblagef plants withendophytic bacteriais often a successful
method to improve plant yield. One option to improve our field experiment could be to inoculate our
(mycorrhizal) plants species (i.e. poplar and Giant reed). One possible collaboration to lesiaat re
endophytes could be with the team of @entre for Environmental Sciengatirected by Prof. Jaco
Vangronsveld in Hasselt, Belgium. They successfully increased the vyield of inoculated poplars
cultivated in a Cd, Pb, Zn contaminated s®lis workis notably reported in the PhD thesis of Dr.

Jolien Janssen.

Processing chais Phytomanagement of our contaminated matrices provides usable biomass,
especially the constructed wetland pilot. However, these biomasses were inadequatedtalysis.
To pyrolyse our Curich Arundo donaviomasg623 + 140 mg kd) to (1) produce bioenergy and (2)
produce enriched CGhiochar is an option. This biochar could be then applied i&ficient soil such
as podzolsAgain in theCentre for Environmental Sciengddasselt,Gonsalvestet al., (2016) and
Lievenset al., (2008) studied the pyrolysismétal(loid}rich biomassThey found an accumulation of
contaminant in the biochar fractiowe could benefit from their experiment to valorize ourrich

biomass.

Life cycle assessmeiithe biomass produced by phytomanagement on contaminated sites can
be economically valorized but also contributes to important environmentagregit by achieving
economic, social and environmental sustainability. One-teng projectmust be to perform &ife
Cycle Analysis(LCA) in our amended CGaontaminated plots planted with donaxandP. nigra A
collaboration with Dr. Witters from th€entre for Environmental Sciengétasselt, could be an option,
as she successfully performad.CA to examine the energy production and-@Datement of energy

crops cultivated in a polgontaminated soil.
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