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Introduction

De nos jours, la gestion des déchets ménagers wstcoaur des problématiques
environnementales. La prise de conscience d'unellemes évaluation des impacts
environnementaux est d’autant plus importante queproduction a doublé dans les quarante
derniéres années. Ainsi la quantité de déchets geénagroduits par les Francais dépasse
aujourd’hui 1 kilogramme par personne et par jdalgré le développement du recyclage et
des traitements biologiques, le stockage représeme I'incinération encore plus de 80% du
devenir de I'ensemble des déchets ménagers. Aaunitegminologique, le stockage a connu
de nombreuses évolutions dans le temps. Ancienrterappelé décharge puis centre
d’enfouissement technique, le terme le plus ugsitéallement est « installation de stockage
de déchets non dangereux » ou «centre de stocagedéchets (CSD) ménagers et
assimilés ». Dans cette nomenclature, il est inaporde préciser la nature des déchets
stockés : les déchets ménagers et assimilés sosatlaaatégorie de déchets non dangereux
(classe 1l) et sont différenciés des déchets daungefclasse 1) et des déchets inertes (classe
11).

Au cours de la dégradation des déchets stockédeR@SD, deux effluents sont produits: les
lixiviats et les biogaz. Le contact entre les effits et 'écosysteme environnant est en théorie
évité grace aux aménagements qui garantissenhdlééété des casiers contenant les déchets
et grace a la présence de drains qui permettertoliiecter les effluents. Les risques de
diffusion des biogaz a travers la couche de tegggtale et les risques de fuite de lixiviat au
fond des casiers ne peuvent cependant pas étrigéwdle suivi de ces effluents est donc
nécessaire afin de mieux maitriser leur traitenetratfin de prévenir les risques sanitaires et

environnementaux.

Les métaux et métalloides représentent en poidsdeud®o de la composition des déchets
ménagers. lls sont présents dans les emballagegalgiers, les matieres plastiques, les
produits manufacturés et les putrescibles. Ce stib@éments métalliques doit étre pris en
compte dans la gestion des CSD. En effet une dracte ces métaux peut se retrouver dans
les lixiviats et les biogaz. Les concentrations dedaux et métalloides dans ces effluents
varient en fonction de la nature des déchets, dilende gestion et des conditions climatiques.
A ceci s’ajoute le fait que les éléments présentmet toxicité plus ou moins importante en
fonction de la forme chimique sous laquelle I'élétnest présent. Selon I'International Union

of Pure and Applied Chemistry, la spéciation d’lgmeent est définie comme la distribution
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de cet élement parmi différentes formes chimiquassdun systeme, sachant que les formes
chimiques peuvent étre différenciées selon la caitipa isotopique, I'état d’oxydation et
leur présence sous forme de complexes ou de gteuntoléculaire. Parmi les métaux et
métalloides présents dans les effluents de CSEEtlekes menées dans le cadre de ce travail
ont été focalisées sur deux éléments : I'arseni®&tin. En effet, leur abondance dans les
effluents, leur existence sous forme de nombremposés, la toxicité avérée de certaines de
leurs formes chimiques ainsi que les compétencésifgpes du laboratoire ont motivé

I'étude approfondie de ces deux éléments.

Le projet, soutenu par ’Agence De I'Environnementde la Maitrise de I'Energie, s’appuie
sur la collaboration avec deux CSD aquitains. D¢ lpar différence de taille (30000 t/an et
150000 t/an), de déchets enfouis (déchets ultimesomures ménageres brutes), de
localisation géographique (Béarn et Gironde) etgdstion, ces deux CSD ont permis de
prendre en compte la variabilité des effluents darsiivi des métaux et métalloides. Du fait
de sa proximité avec le laboratoire, le site béarmafait I'objet d’un suivi saisonnier.
Complémentairement, du fait de sa taille et de estign par casier, le site girondin a fait
I'objet d’'une étude plus globale sur I'impact dagé des déchets dans la composition des
effluents. Aux échantillons de ces deux sites,tsigsuté un lixiviat provenant d’un site d’'lle
de France dont l'utilisation en tant que matériauréférence de laboratoire est le fruit de la
collaboration avec I'Unité Hydrosystemes et Biogmés du CEMAGREF (Institut de

recherche pour l'ingénierie de I'agriculture et'elevironnement) d’Antony.

L’objectif de cette étude a été d’améliorer lesr@asances au niveau des lixiviats et des
biogaz en terme de composition en métaux et méabomais aussi d’appréhender les cycles
des éléments en étudiant leurs devenirs dans figsedites phases. En effet, les processus
physico-chimiques qui interagissent au sein duésystcomplexe constitué par les déchets,
les lixiviats et les biogaz conditionnent la compor des effluents. De meilleures

connaissances sur ces processus peuvent permettneiedix adapter les traitements des

effluents et de prédire le devenir du systeme g terme.

Avant toute description des résultats, une synthésdmgraphique met en évidence les enjeux
liés au suivi des métaux et des métalloides damsefituents de CSD. Nous avons tout

d’abord présenté le contexte lié a la gestion diiseats de centres de stockage des déchets
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meénagers en France. Ensuite, un zoom sur l'arsgni@tain a été réalisé en prenant en
compte leurs impacts possibles sur I'environnerfiésta leur présence dans les CSD. Enfin,
nous nous sommes focalisés sur les techniquestig@ly de quantification des métaux et
métalloides et plus particulierement de I'arsenideel’étain aussi bien en analyse élémentaire

gu’en analyse de spéciation dans les matrices exegplelles que les lixiviats et les biogaz.

Les résultats obtenus lors de cette thése sonemdss dans ce mémoire sous forme de
publications. L’étude s’articule en trois parties.

La premiére partie porte sur I'évaluation des éges analytiques dans le but
d'accéder a la contamination des lixiviats. Poua,cées étapes critiques du protocole de
préparation et d'analyse des échantillons sontédsstafin de mettre en évidence les
précautions nécessaires pour une déterminatioifisajive des concentrations en métaux et
métalloides dans les lixiviats.

La deuxiéme partie est consacrée a I'étude deehdcset de ces composés dans le
systeme déchets - lixiviats - biogaz. Les premééicrts ont porté sur le développement d’'une
meéthode d’analyse de spéciation de l'arsenic desditiviats. Dans un second temps, c’est
I'évolution et le devenir de ces composés ainsi bpugs homologues présents en phase
gazeuse qui a retenu notre attention.

L’analyse des composés organostanniques conséittreisieme volet de ce mémoire
avec tout d’abord une partie consacrée a la misplace d’'une méthode d’'analyse de
spéciation spécifiquement adaptée aux lixiviatsfirinla derniére partie s’intéresse de
maniére plus globale a la réactivité des composganostanniques dans le systeme complexe
gue constituent les lixiviats et les biogaz.
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l. Problématiques scientifiques

l.1. Les centres de stockage de déchets ménagers etrasés

[.L1.1  Problématique liée aux centres de stockage de dethenénagers et assimilés

[.1.1.1 Quelques chiffres clés
L’article premier de la loi du 15 juillet 1975 (r5633, J.O. du 16 juillet 1975) définit un
déchet comme « tout résidu d’'un processus de ptioducle transformation ou d'utilisation,
toute substance, matériau, produit ou plus gémamie bien meuble abandonné ou que son
détenteur destine a 'abandon ».
La mise en centre de stockage constitue en Franoedle de gestion dominant d’élimination
des déchets ménagers et assimilés. Ainsi, en 2004,de ces déchets ménagers et assimilés
ont été stockés dans des centres de stockage (Fidde I.1.1). Ce mode de gestion
apparait comme l'option la plus économique toutpenmmettant a la plupart des ordures
ménageres d’étre décomposées en matériaux relaintenertes et stabilisés.

8 Tri 14%

@ Compostage 10%

B Méthanisation 0,3%

m Incinération avec valorisation énergétique 28%
O Incinération sans valorisation énergétique 1%

B8 Mise en décharge 47%

Figurel.1.1 Répartition par mode de traitement des toesaités en 2004 [1]

Les installations de stockage pour déchets ménageassimilés accueillent essentiellement
les ordures ménageres (OM) et les déchets indigstranals (DIB). Les OM représentent
42% de la totalité des déchets pris en charge ldanSSD. Les autres flux qui alimentent les
CSD sont les refus de tri et de compostage aineilgs résidus de méthanisation et les

machefers d’incinération, comme l'illustre la Figlul.2.
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20M + DIB 91%
@ Méachefers 2%
B Refus du tri 5%
Refus du compostage 2%

B Résidus de méthanisation 0,1%

Figurel.1.2 Provenance des déchets entrants dans le§X3SD

Malgré la mise en place du tri sélectif et du rémye des déchets, encore prés de 30% de
déchets putrescibles et un tiers de poids des esduenagéres proviennent des emballages.
Le Tableau.1.1 donne la répartition des déchets en fonaties différentes catégories issue
d’'une enquéte de 'ADEME réalisée en 1993 [2].

Tableau.1.1 Composition des OM en France [2]

Types de déchets % du poids humide
Déchets putrescibles 29

Papiers / cartons 25

Verre 13

Plastiques 11

Métaux

Textiles

Autres* 15

*Textiles, combustibles et incombustibles diversaténiaux complexes, déchets dangereux des
ménages

La production totale d’ordures ménageres en Framc2004 est de 21 millions de tonnes.
Cela correspond a environ 1.2 kg / habitant / j&urce qui concerne les CSD d’une capacité
supérieure a 3000t/an, les 361 sites francais equ, ren 2004, 22 millions de tonnes de
déchets sur les 47 millions de tonnes de déchetageés et assimilés entrant dans des unités
de traitement. Sur le reste des déchets, 13 nslldetonnes ont été incinérées, 4.6 millions

de tonnes traitées biologiquement et 6.3 milliomsahnes ont été recyclés.
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1.1.1.2 Dégradation des déchets dans les CSD

[.1.1.2.1  Présentation d’'un centre de stockage de déchets

Un centre de stockage de déchets constitue uretdaammplexe avec des flux de solides, de
liquides et de gaz. Les déchets, les lixiviatsestdiogaz constituent les trois compartiments
du systeme. lIs sont indissociables et interagtseen au long de la dégradation des déchets.
La Figurel.1.3 représente schématiqguement un centre deagjeake déchets.

Conduites de biogaz

végétale

DECHETS

¢

Couche
drainante

Géomembrane — Y

Lixiviation Composé en phasey
gazeuse o

Drains

Bactérie

Composé en
phase liquide

Drains de lixiviats

Figurel.1.3 Schéma de principe d’un centre de stockag#edbets

Ce schéma donne une représentation schématiqueC&Dncomme un systeme régi par des
phénomeénes qui permettent de caractériser I'éwnlwglobale d’'une installation de stockage
de déchets :

-les matieres biodégradables subissent une éwolutiologique sous l'action des
bactéries aérobies et anaérobies ;
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-I'eau qui s’écoule a travers la masse de déchetdup des lixiviats en se chargeant
de substances chimiques ou biologiques ;

-la combinaison des contraintes physiques et chiesigconduit a la destruction
partielle de la matiére et a la solubilisation @etaines especes ou a leur transformation en
gaz;

-I'hétérogénéité des déchets stockés et des salsoenants peut entrainer des
tassements au niveau des alvéoles et des casiemodifient les caractéristiques mécaniques

et géotechniques.

[.1.1.2.2  Processus physico-chimiques

La dégradation des déchets est dépendante de nompaeametres comme I'humidite, la
température, le pH, le potentiel d’oxydo-réductiten,présence de différentes populations
bactériennes, la présence d’inhibiteurs. Elle ashatérisée par trois grandes étapes qui sont
représentées schématiguement dans la Figlr. Ces trois phases sont indissociables et

forment un tout appelé fermentation méthanique.

DECHETS

matiére minérale, matiére organique

Substrats complexes, macromolécules

protéines, polysaccharides, acides nucléiques, cellulose, hémicellulose..

ﬂ Etape 1:
- Monomeéres et oligomeres ACIDOGENESE
peptides, acides aminés, sucres, acides gras, glycérol

l

Acides organiques, alcools, acides gras volatils |/

N
Etape 2:
< ﬂ ﬂ ACETOGENESE
W

Hz2, €Oz | | Acétate |

7 N\

! (N —
LIXIVIAT | | BIOGAZ: CH4, CO2 | ~UETHANOGENES

Figurel.1.4 Les étapes de la dégradation des décheteed' &wmulleau[3]

La premiere phase de la décomposition anaérobidédsets est une fermentation acide. Lors
de celle-ci, les matieres organiqgues complexes bgdtolysées en acides carboxyliques,
acides aminés, alcools et acides gras. L'aciditéniieu favorise la solubilisation des métaux

dans les lixiviats.
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Lors de la deuxieme étape ce sont des bactériésgares qui se développent dans le milieu
anaérobie, riche en dioxyde de carbone. Elles fmament les divers composés en
précurseurs directs du méthane : dioxyde de carlaiimgdrogéne et acétate.

La derniere phase du processus de décompositionaestéthanogénese : les bactéries
méthanogenes qui sont strictement anaérobies etsgudéveloppent dans des milieux
réducteurs digérent les précurseurs pour formemdthane, du dioxyde de carbone et de

I'eau.

La composition des effluents est trés intimemeée lavec ces processus et elle est donc
spécifigue a chaque systéme. Il apparait intéresd@valuer si, malgré les différences
apparentes certains mécanismes de dégradatiopreeluesent dans différents sites et si les

composeés résultants se retrouvent d’'un site aréaau bien sont spécifiques a chaque CSD.

[.1.2  Réglementation

En 25 ans, la quantité de déchets ménagers a. tGelfe augmentation a été accompagnée
par une série d’arrétés visant a développer unkemes gestion des ordures menageres.
Chaque centre de stockage des déchets est régurpanrété préfectoral. Celui-ci est
spécifigue au site et détermine notamment les decheceptés et les divers modes de

fonctionnement.
[.1.2.1 Reéglementation relative aux sites de stockage

.L1.2.1.1  Loi du 15 juillet 1975 (n°75-633, J.O. du 16 julllE975)

La loi du 15 juillet 1975 est relative a I'élimirat des déchets et a la récupération des
matériaux. Elle définit la notion de déchets etcjme les responsabilités et les obligations des
producteurs de déchets, ainsi que les sanctionpayient leur étre appliquées. Elle impose
aux communes ou groupements de communes d'asswatdcte et le traitement des déchets
des ménages.

Par ailleurs, cette loi stipule la mise en plac@ldas départementaux (décret du 18 novembre
1996). Ces plans ont pour objet de coordonner ¢eisres & mener tant par les pouvoirs
publics que par les organismes privés afin d’asslaregestion des déchets ménagers et
assimilés. lIs fixent les orientations spécifigaesdépartement en matiére de tri, de recyclage,
de collecte et de traitement. Les plans départeangrdoivent, de plus, faire une énumeration

des installations et des quantités de déchets.
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11.2.1.2  Loi du 13 juillet 1992 (n°92-646, J.O. du 14 juill992)

Elle limite I'enfouissement aux seuls déchets @tra partir du ler juillet 2002. Cette loi est
précisée par une circulaire d'avril 1998. Seloodée de I'environnement, le déchet dit ultime
est : «un déchet résultant ou non du traitememt déchet, qui n'est plus susceptible d'étre
traité dans les conditions techniques et éconorsiguemoment, notamment par extraction de

la part valorisable ou par réduction de son caragiélluant ou dangereux. »

[.1.2.1.3  Arrété du 9 septembre 1997 (J.O. du 2 octobre 1997)

Il est relatif aux nouvelles installations de sig& de déchets ménagers et assimilés et a leur
mise en conformité. Ce texte définit les presanipdi minimales a respecter : le confinement,
l'isolement du site, la collecte et le traitemeas @ffluents, la prévention des risques et les
responsabilités, la surveillance des sites (penglamipériode d’au moins trente ans). De plus,

cet arrété demande un effort d’intégration paysager

[.1.2.2 Réglementation relative aux lixiviats

Le Tableaul.1.2 présente les criteres minimaux applicables @jets d’effluents liquides

dans le milieu naturel (arrété du 9 septembre 188difié par I'arrété du 31/12/01).

Tableau.1.2 Valeurs limites appliquées aux rejets d'edfits liquides dans le milieu naturel

Critere Valeur limite
Matieres en suspension totale <100 rig L (si flux journalier max < 15kg)
<35mg L (si flux journalier max > 15kg)
Carbone organique total <70mgL
Demande chimique en oxygéne < 300 rilg L (si flux journalier max < 100kg)
<125 mg* (si flux journalier max > 100kg)
Demande biologique en oxygéne <100 rig L (si flux journalier max < 30kg)
<30 mg L* (si flux journalier max > 30kg)
Azote total <30mgt (concentration moyenne mensuelle,
si flux journalier max > 50kg)
Phosphore total <10 mg'L (concentration moyenne mensuelle,
si flux journalier max > 15kg)
Phénols <0.1mgt (si le rejet journalier > 1q)

Métaux totaux (Pb, Cu, Cr, Ni, Zn, Mn, <15 mg L*
Sn, Cd, Hg, Fe, Al)
Cr (VI) <0.1mgL* (si le rejet journalier > 1g)
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Cd <0.2mgL*

Pb <0.5mg L* (si le rejet journalier > 5q)
Hg <0.05mg [*

As <0.1mgL*

Fluor <15mg (si le rejet journalier > 150q)
Cyanures libres <0.1 mg'L (si le rejet journalier > 1q)
Hydrocarbures totaux <10 mg'L (si le rejet journalier > 100g)
Composeés organiques halogénés <1lrhgL (si le rejet journalier > 30gq)

Les lixiviats ne peuvent étre rejetés dans le milaturel que s'’ils respectent les valeurs
présentées dans le Tabldali2. La dilution et I'épandage (sauf cas partemjldes lixiviats

sont interdits.

[.1.2.3 Réglementation relative aux biogaz

D’aprés larrété du 9 septembre 1997 modifié parrété du 31/12/01, I'exploitant doit
analyser périodiguement le biogaz capté dans ssmllation ; il se doit de déterminer la
teneur en Clj CO,, Oy, HoS, H, et HO.

En cas de destruction par combustion, les gaz dbétee portés a une température minimale
de 900°C pendant une durée supérieure a 0.3 secobadempérature doit é&tre mesurée en
continu. Par alilleurs, les émissions de,SGO, HCI et HF issues des dispositifs de
combustion doivent étre analysées une fois palamnmporganisme extérieur. La teneur limite

en CO devra étre inférieure & 150mg.m

1.1.3 Caractérisation des lixiviats de CSD

.1.3.1 Formation des lixiviats

Les précipitations, I'eau apportée par les décketies eaux de ruissellement favorisent la
transformation bio-physico-chimique des déchetsesC’la décomposition des déchets
conjuguée avec l'action de l'eau de pluie qui prodwn lixiviat. Tout au long de la
percolation, ce liquide se charge en substanceanmpges et minérales. Sa composition
dépend de nombreux facteurs: la composition desetdgcle bilan hydrique, le mode
d'exploitation de la décharge, les conditions diquees, I'épaisseur de la couche de déchets,
la nature de la couverture, I'age de la décharpgs]41l en résulte qu’'un lixiviat peut étre

variable d’'une décharge a I'autre mais aussi aurs€me d’'une décharge.
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La production de lixiviats est reconnue aujourd’hoomme un des problemes
environnementaux majeurs dans la mesure ou cesldgsont susceptibles de polluer les
sols, les eaux de surface et les eaux souterrdiaesollecte des lixiviats commence des le
début du stockage des déchets dans un casiervéaunde lixiviat dans les casiers ne doit pas
excéder 50cm (arrété du 09/09/1997, J.O. du 2 ctd®97). Apres la collecte, I'exploitant
est tenu de traiter ces lixiviats sur site, sekmdirectives fixées par I'arrété préfectoral qui
définit 'activité de chaque CSD. Les installatiates traitement sont généralement les mémes
gue celles utilisées dans les stations d’épuratemeaux usées (traitement physico-chimique

et traitement biologique).

[.1.3.2 Composition métalliqgue et organométallique des Vitts

Les lixiviats issus des centres de stockage deeti@aonstituent des matrices complexes
composées de matiére organique et de matiére r@ndissoute et/ou colloidale. Les métaux
et les métalloides font I'objet d’'un suivi dans teEntres de stockages de déchets du monde
entier. lls ne sont pas souvent au centre mémetdegs réalisées sur les lixiviats mais sont
régulierement indiqués par les auteurs. Le TabldaB8 donne un apercu des larges gammes

de concentrations en métaux mesurées dans legiiv

Tableau.1.3 Composition des lixiviats de divers CSD

Paramétre Concentrations en m(sauf pour pH) Référence
pH 5.7-8.5 [4, 7-14]
Fe 0.3-250
Zn 0.080-5.6
Mg 5-443 [4,7-10, 12, 14]
Ca 5-3324
Ccu 0.002-60 [7-12,14]
Ni 0.01-7.8
Pb 0.002-2.1
cd 00265 [8-12,14]
Mn 0.02-38
c 0.005-3.7 814
AL 0145 [7,8,100
< 260-16700 [4,811,14]
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Afin d'illustrer la diversité de la matrice lixivielle-méme, deux parameétres sont ajoutés aux
métaux. Le pH est un paramétre tres important kasti un indicateur de la phase de
dégradation des déchets et il fixe ainsi les céretiques globales de la matrice. Les
chlorures indiguent quant a eux la charge minatalbxiviat et sont généralement considéerés
comme un parametre conservatif dans les étudeslogijues [6].

Pour certains éléments tels que I'antimoine ouaifétil n'y a pas de données dans la
littérature. Dans les données compilées par BawWhastensen, la gamme de concentrations
donnée pour I'arsenic varie entre 0.5 et 130jfd15]. Le Tableau.1.3 donne un apercu de
la grande variabilité des éléments selon les steleurs caractéristiques : les gammes de
concentration varient de un ordre de grandeur (pdua trois ordres de grandeur (pour Fe,
Cu, Pb et Mn). Une attention toute particuliéretddonc étre portée aux protocoles
analytiques qui permettent de quantifier les temélgmentaires en métaux et metalloides afin
gu’ils soient efficaces en terme de simplificataba la matrice et robustes pour s’adapter aux
différences de concentration.

Par ailleurs, afin de mieux connaitre les lixiviatdeurs impacts environnementaux, I'analyse
de spéciation des especes métalliqgues permet del@€mmles données d’analyse élémentaire.
En ce qui concerne les lixiviats, il n’existe aneotonnaissance qu’une seule étude portant sur
les organoétains. Mersiowslef al. ont détectés des especes méthylées, butyléesykiesc
d’étain dans des concentrations de I'ordre du figlans des lixiviats provenant de plusieurs
CSD européens[16].

[.1.4  Caractérisation des biogaz de CSD

[.1.4.1 Formation des biogaz

Les gaz de décharge, appelés biogaz, sont ississ fdementation anaérobie de la matiere

organique contenue dans les déchets. Les deux c@®mpuajoritaires du biogaz sont le

méthane et le dioxyde de carbone, formés lors ddetaiére étape de décomposition des
déchets. Les composés minoritaires sont l'azoteaul le monoxyde de carbone et

'hydrogene. Les composés a l'état de traces semtcbmposés organiques volatils, les
composés halogénés, les composés soufrés ainsilepuecomposés meétalligues et

organométalliques (métaux et métalloides).

L’extraction du biogaz dans le CSD est généraleméalisée par le biais d’'un réseau de

canalisations raccordées a des drains qui permsttaracheminement soit vers des torchéres,

soit vers des unités de valorisation comme desdibeas ou des groupes €électrogenes.
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1.1.4.2 Composition métallique et organométallique des aag

L’analyse élémentaire des métaux et métalloideéd tdijet de trés peu de travaux dans les
biogaz issus de CSD. En ce qui concerne I'analgsspeciation, un plus grand nombre de
données sont disponibles du fait notamment duitrded’équipe de recherche de I'université
de Duisburg-Essen en Allemagne [17].

[.1.4.2.1 Analyse élémentaire

A titre de comparaison, le Tabledul.4 présente les teneurs pour différents éléments
meétalliques dans des gaz issus de CSD et les doattens moyennes mondiales dans des
zones polluées ou non. Les valeurs proposées paraRe and Caritat permettent de définir
un référentiel et de mesurer l'importance du traéat des biogaz par torchére afin de
minimiser les émissions de composés métalliqueseftat, pour certains éléments comme
As, Sn et Sb les concentrations mesurées dansolgazisont de 10 a 1000 fois supérieures a

celles mesurées dans les zones polluées referdiées

Tableau.1.4 Concentrations élémentaires des métaux etllviéles dans différentes atmospheres

Concentration (ng i)

Elément Zones non polluées Zones polluées Gaz de CSD
[18] [18] [19] [20] [21] [3] [22]
As 0.007-2.3 1.5-190 Pas de données 16200 16008500
Se 0.006-1.4 0.09-30 Pas de données <3100 3-4
Sn Pas de données 1.5-800 Pas de données <600 3BBO0-
Sb 0.0005-0.93 0.08-55 Pas de données 30500 24007
Te Pas de données Pas de donnégs Pas de données 600 50-75
Hg 0.01-0.06 0.09-38 ~ 1000 <1600 50-130
Pb 0.03-21 45-13000 Pas de données 4400 13-33
Bi Pas de données Pas de données Pas de données de deasées 310-900
Cr 0.005-0.7 1-300 Pas de données 41300 Pas déaonn

1.1.4.2.2  Analyse de spéciation

En ce qui concerne les analyses de spéciationgphgsétudes permettent d’avoir une vision
large des composés organométalliques volatils guvent étre présents dans les biogaz. Dans
le Tableaul.1.5, les données sont exprimées en ordre de guanchr seule une semi-
guantification est possible compte tenu du manqgééaldns volatils commercialement

disponibles.
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Tableau.1.5 Especes identifiées et quantifiées dans deslg CSD

Ordre de

Elément| Espéce Référence
grandeur

Sn SnH, Sn(CH)a, SN(GHg)Hs, SN(GHa)zH; g m’

Pb Pb(CH)4 , Pb(GHs), ng m®

As AsHs, AS(CH)s, AS(GHs)s, AS(CHy)H, ug m’

As(CHg)2(CoHs) [17]

Sb Sb(CH),, SbH; pug m®

Te Te(CH), ng m°

Bi Bi(CHs)s pg m®

Se ng m°

Hg Ho(CH). ng m" [17, 20]

Mo Mo(CO) mg m® | [23]

w W(CO) pg m®

Plus précisément I'étain a fait récemment I'objéiné étude au cours de laquelle de

nouvelles especes ont été détectées, identifiegsiagttifices, parmi lesquelles les especes

propylées et éthylées (Tableki.6).

Tableau.1.6 Espéces d’'étain identifiées et quantifiéassdsiogaz par Mitra et al. [24]

Especes Concentrations (ug SA)m
(CHy),Sn 12 - 1050

(C4Ho)SnH, nd - 0.06

(CoHs)SN(CH),4 0.9-55

i-(CsH7)Sn(CH), 0.06 - 0.5
n-(CsH7)Sn(CH), 0.2-120

(C2H5),(CHs),Sn 0.2-13

(CaHo)Sn(CHy); 0.06 — 0.3

(CoHs);Sn(CH) 0.08 - 20

Pour conclure sur les biogaz, peu de travaux posienl’analyse des métaux et métalloides,

que ce soit en analyse élémentaire ou en analysspdeiation. D'un point de vue

environnemental, il semble que de nombreux élémsmis susceptibles d’étre présent dans

les biogaz et notamment sous forme de composésyl@etigui peuvent étre issus de

processus liés a I'activité biologique (biométhigaj.
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1.2.  Arsenic et étain : toxicité et impacts environnemeiaux engendrés par
leur présence dans les effluents de CSD

L’arsenic et I'étain font I'objet de tres nombressgudes dans les différents compartiments
de la géosphére (atmosphere, eaux, sols, biosphesejources et les mécanismes a l'origine
de la présence de leurs espéces chimiques dad#férents milieux sont trés documentés.
Dans cette partie, nous nous proposons de rappeievement les principales formes
chimiques de ces deux €léments et leurs sourcestmiles dans les déchets et les effluents
de CSD. L'objectif est d’apporter des informatioggnérales quant a leur toxicité et leurs

possibles impacts environnementaux sur les milaguatiques et I'atmosphere.
[.2.1  Présence de l'arsenic
[.2.1.1 Milieux aquatiques terrestres

[.2.1.1.1 Formes chimiques

L’arsenic est un meétalloide présent majoritairenmsmis deux degrés d’oxydation : +llI et
+V. Les principales especes sont exposées danabledul.2.1. Elles sont caractérisées par

de trés grandes différences de toxicité.

Tableaul.2.1 Espéces d’arsenic et leur toxicité

Espece Nature chimique Notation £Ksouris) en mg(As) k§[25, 26]
Acide arsénieux AsOOH Aslll 8

Acide arsénique AsO(OHl) AsV 22

Acide monométhylarsonique  AsO(OiHs) MMA 916

Acide diméthylarsinique A$OH),(CHs), DMA 648

lon tétraméthylarsonium ACH;,), TMAs® 580

Oxyde de triméthylarsine AELCH;);0H TMAO 5500

Arsénobétaine A$CH;);CH,COOH AsB >4260

Arsénocholine A§CHs);CH,CH,0OH AsC 6540

En ce qui concerne les milieux aquatiques, lescespenajoritairement détectées sont les
especes inorganiques (Aslll et AsV) avec une répartdifférente selon les conditions redox,
le pH, la présence d’activité biologique. Les eggamono- et diméthylées (MMA et DMA)

sont plus rarement présentes dans les échantidl@asix de riviere et d’eaux souterraines
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[30-32]. Les eaux usées, dont la matrice est plashe de celle des lixiviats, ont fait I'objet

de quelques études dans lesquelles seules lessspeémaniques sont détectées [33, 34].

1.2.1.1.2 Sources

L'utilisation anthropique de l'arsenic est répandiens le domaine agricole en tant que
pesticide et agent de protection du bois, dan®ieaihe de la fabrication du verre, dans le
domaine des semi-conducteurs, mais aussi dangriaide médical [28, 29]. Ces applications
peuvent générer directement des émissions d'arséaits les milieux aquatiques ou
indirectement comme dans les CSD ou I'arsenic pgetmobilisé durant la dégradation des
produits manufacturés qui contiennent de I'arséwnicres, emballages de produits agricoles,
objets métalliques).

L’arsenic est naturellement présent dans les e@ependant, les concentrations sont trés
variables du fait de la nature du milieu et detiat® humaine. Dans les eaux souterraines,
les concentrations en arsenic varient généraleerene 0.01 et 10 ugL[18, 27]. Dans les
eaux douces de surface, les concentrations moyemmient entre 1 et 10 pg'Lpour des
zones non polluées et jusqu'a 100-5000 [rgdans des zones d’exploitation miniére et/ou
naturellement riches en arsenic [27, 28]. Le factd@amission global de I'arsenic lié aux
lixiviats de CSD n’est pas référencé, par contnar p@s eaux usées il est compris entre 0.02 et
0.1 ng (As) [* d’eaux usées [35].

[.2.1.2 Atmosphere

[.2.1.2.1  Formes chimiques

La présence de I'arsenic dans I'atmosphere reu@t tiemes. Il est majoritairement adsorbé
sur des particules sous forme inorganique (AsIHYA[28] mais il peut étre directement en
phase gazeuse. Sous forme gazeuse, les espéca#tainegosont lI'arsine (Asgl et la
triméthylarsine (As(Ch)3). Le suivi de ces espéces volatiles d’arsenicjuestifié par leur
toxicité variable : elle (D&o) varie de 20000 mgt pour la triméthylarsine & 5-45 mg'L
pour l'arsine [36]. Du fait de leur toxicité, de mbreuses études se sont intéressées aux
mécanismes de formation des espéces volatiles p@ microbienne [36, 38-41]. Les
processus de production de ces composés sonuatiribla biométhylation qui se traduit par
la substitution successive des groupements hydesxydu des hydrogenes par des

groupements méthyls, comme le montre la Fig2:.d
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Figurel.2.1 Mécanismes de formation par biométhylatios elgpeces volatiles d’arsenic a partir de

celles en phase aqueuse d’aprés Planer-Friedradh[86]

1.2.1.2.2 Sources

Les sources naturelles d’arsenic atmosphériqueoné gas trés bien identifiées (activité
volcanique, érosion, volatilisation...) et contribué@s minoritairement au bilan de I'arsenic
atmosphérique en comparaison avec les sourcesopitfhes comme la métallurgie ou la
transformation d’énergie [37].

Les concentrations moyennes en As dans I'air vadetre 0.007 ng et 2.3 ng i1 dans les
zones non polluées et de 1.5 nd &190 ng it dans les zones polluées (Tablédus) [18].

Il 'y a pas de données concernant les émissianesgthériques d’arsenic liées a la gestion
des déchets ménagers dans les CSD, par contreqgn cencerne l'incinération des déchets,
le facteur d’émission de I'arsenic (inorganique)e=timé a 1.1 g'tde déchets incinérés [42].

[.2.2  Présence de I'étain
[.2.2.1 Milieux aquatiques terrestres

[.2.2.1.1  Formes chimiques

La forme oxydée de I'étain (+IV) est trés largemenatjoritaire en phase aqueuse par rapport
a la forme réduite (+11). Contrairement aux forniegrganiques, qui sont non toxiques, les
composeés organostanniques sont tres toxiques gagygie leur étude. Dans le TablebR.2
sont présentées les espéces alkylées d’étain r@irdgéleur toxicité. Celle-ci dépend a la fois
de la nature des groupements alkyls et du degs@iloigtitution de I'atome d’étain. Ainsi, plus
le degré de substitution augmente, plus la toxastéavérée.
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Tableaul.2.2 Espéces d’étain et leur toxicité [43]

Nature chimique _ DLso (rats) en mg (Sn) kg
Espece Notation

(X=0H, CI ...)
Etain inorganique Snx ISn
Monométhylétain Sn(ChHIX3 MMT 1370 X=Cl
Diméthylétain Sn(CH2X, DMT 74 X=Cl
Triméthylétain Sn(ChsX TMT 13 X=ClI

9 X=0Ac

Monoéthylétain Sn(&H:s) X3 MET Pas de données
Diéthylétain Sn(GHs)X, DET Pas de données
Triéthylétain Sn(GHs)sX TET 4 X=0Ac
Monobutylétain Sn(gHo) X3 MBT 2140 X=ClI
Dibutylétain Sn(GHg)2X 2 DBT 100 X=ClI
Tributylétain Sn(GHg)sX TBT 380 X=0Ac

La plupart des travaux sur I'analyse de spéciatlea organoétains traite des butylétains.
Dans les eaux usées, I'occurrence des especegdmiyd2, 53] ainsi que celle des espéces
méthylées [45] est avérée. A ce jour, la seuleettud les lixiviats [16] a révelé la présence

de composés méthylés, butylés et octylés.

1.2.2.1.2 Sources

Les composés alkylés de I'étain ont de tres nonse®wapplications anthropiques. Les
composés mono- et di-alkylées (méthyl, butyl ou bcentrent dans la formulation de

polymeéres plastiques (PVC, silicone, polyurétharejant que stabilisants [43] [50, 51]. Les
composés mono- et dibutylés sont utilisés danpriesédés de traitement du verre [44]. Par
ailleurs, les propriétés biocides des organoétns a I'origine de leur une utilisation en tant
gu’'antifongiques pour l'agriculture (tributylétaiet en tant qu'agents de protection du bois
(tributylétain). Ces applications peuvent généreealement des émissions d’organoétains
dans les milieux aquatiques ou indirectement condames les CSD ou ils peuvent étre
mobilisés a partir des déchets ménagers.

Naturellement, I'étain existe dans les milieux aaues essentiellement sous forme
inorganique. Dans certains milieux, des composéthyles peuvent étre produits a partir

d’étain minéral par méthylation biotique [44] [48B] ou abiotique [47-49].
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Dans les eaux souterraines et les eaux de sut&cepncentrations moyennes d’étain total
varient entre 0.01 et 5 pg'L18, 50]. Les teneurs en butylétains, dont la prance est
uniquement d’origine anthropique, varient entre00.@&t 1 pg(Sn) t dans les eaux de
surfaces. Dans les eaux usées et les lixiviats, clascentrations en butylétains sont

généralement inférieures a 0.5ug(SM[16, 43, 71].
[.2.2.2 Atmosphere

[.2.2.2.1  Formes chimiques

De la méme maniére que pour I'arsenic, I'étain pseit étre adsorbé sur des particules et étre
ainsi transporté dans les effluents gazeux, saieéseuver directement en phase gazeuse. En
effet, I'étain au degré d'oxydation +IV est en phagazeuse tétra-substitué par des
groupements hydrures, méthyls, éthyls, propylsuyle (Tableau.1.6).

De nombreuses études se sont intéressées aux smearde formation des espéces volatiles
par voies biotiqgues et abiotiques. Les processusndthylation et de volatilisation par
hydruration des espéces ont été proposés pourgerplia présence de certaines especes

organostanniques volatiles [45, 46, 49, 54, 55].

1.2.2.2.2 Sources

Les sources naturelles d'étain atmosphérique @mpsiagriculture) contribuent tres
minoritairement au bilan de I'étain atmosphérique emparaison avec les sources
anthropiques comme la métallurgie, le raffinagecdanbustion d’énergie fossile ou encore
l'incinération des déchets [50].

Les concentrations atmosphériques moyennes d’dis des zones polluées varient entre
1.5 ng n et 800 ng i1 (Tableaul.1.4) [18]. Il 'y a pas de données concernanéhmissions
atmosphériques d’étain liées a la gestion des d€onénagers dans les CSD, par contre en ce
qui concerne lincinération des déchets, le fact@'@mission de I'étain (inorganique) est

estimé a 1.0 g'tde déchets incinérés [42].
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1.3. Méthodes analytiques pour I'étude des éléments tras dans les

matrices complexes

[.3.1  Analyse élémentaire des métaux et métalloides dales lixiviats

La caractérisation des éléments métalliques eitatiéldans une telle matrice dans la mesure
ou de nombreuses précautions doivent étre prisésatolong de la chaine analytique afin
d’avoir des résultats représentatifs de la matiitale. Du prélévement sur le terrain a

'analyse au laboratoire, il faut veiller a miniraides modifications subies par I'échantillon.

[.3.1.1 Du prélevement a I'analyse

Les étapes de prélevement et de stockage sonttieiesnlorsque I'on veut connaitre les
concentrations en éléments métalliques dans descesatomplexes. Dans le cas précis des
lixiviats de CSD, tres peu d’auteurs donnent dégipions quant au matériel utilisé lors du
prélevement, aux conditions du préléevement (aér@ay a I'abri de la lumiére...), et aux
traitements appliqgués a I'échantillon dés le préheent (acidification, filtration...). En
revanche, le type de conditionnement et les canditide stockage sont souvent précisés
(Tableaul.3.1).

Tableaul.3.1 Conditionnement des lixiviats

Nature du flacon de prélevement  Volume (L) Tempéeatle stockage (°C)  Référence

2 +4 [10]

Polyéthylene ! ]
Non précisé (8]

1 -18 [4]
Plastique (non précisé) 20 +4 [9]
Acier inoxydable 20 +15 [14]
Non précisé Non précisé +4 [12]
Non précisé Non précisé -20 [56]

S’agissant des lixiviats de CSD, les études sertaqmioa I'analyse des métaux et métalloides
ne précisent pas de maniére précise les étapaeldegment et de stockage des échantillons.
Ce mangue de protocole peut étre la source d’'erdews de l'interprétation des résultats et

lors de leur comparaison avec les données dddealitire.
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[.3.1.2 Analyse

Malgré leur suivi régulier dans les lixiviats de @Joeu d’études portent précisément sur
lanalyse des métaux et métalloides dans ces raatradomplexes. Les études portent
généralement sur moins d'une dizaine d’élémentslectce fait, ce sont les techniques
monoélémentaires de type spectrométrie d’absorpitomique (AAS) a four graphite
(GFAAS) ou flamme (FAAS) qui sont le plus souverilisgées. Les techniques multi-
élémentaires telles que la spectrométrie de masgpdasana induit et la spectrométrie
d’émission atomique a plasma induit sont plus ramneitées. Le TabledlB.2 présente les

éléments et les techniques d’analyse dans diffétesstaux portant sur les lixiviats.

Tableau.3.2 Eléments détectés dans les lixiviats et teghes analytiques

Eléments analysés Techniques Référence
Al Ca Cu Fe Mg Pb Ni Zn AAS (non précisé) [7]

Ca Cd Cr Cu Fe Mg Mn Ni Pb Zn AAS (non précisé) 1 [9

Cd Cu Ni Pb Zn FAAS [56]

Cd Cr Cu Fe Mn Ni Pb Zn FAAS [11]

Cd Cr Cu Ni Pb Zn GFAAS [14]

Al Ca Cd Cr Cu Fe Mg Mn Ni Pb zZn ICPAES [8]

Al Cd Co Cr Cu Fe Mn Ni Pb Zn ICP (MS ou AES) [10]

Cd Cu Fe zZn ICPMS [4]

Afin de mener a bien I'analyse des métaux danixesats, il peut étre nécessaire de réaliser
au préalable une étape de digestion de I'eéchamtdfon de simplifier la matrice. Cecex al.

et Tatsiet al. préconisent une digestion a I'acide nitrique [B]. En ce qui concerne les autres
études qui portent sur I'analyse des métaux damdideviats, aucun détail n’est donné a

propos d’un éventuel traitement de I'échantilloavanalyse.

[.3.2  Analyse de spéciation dans les matrices liquides\eronnementales

L’analyse chimique de spéciation consiste a coupter technique séparative a un détecteur
spécifigue des éléments d’intérét. Selon la natlgel’élément et de ses espéces et la
compatibilité des réactifs utilisés lors des éetapepréparation des échantillons avec les outils
analytiques, plusieurs techniques sont susceptibde utilisées.

Pour des échantillons liquides, les techniques ldencatographie en phase liquide haute
performance (HPLC) ou en phase gazeuse (GC) apréation des composés sont les plus

couramment utilisées pour les analyses de larsenmicde l'étain respectivement. La
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spectrométrie de masse a plasma induit (ICPMS) @elandétection aussi bien des especes
d’arsenic que celles d’étain, tandis que la speudtde de fluorescence atomique (AFS) est
spécifique a l'arsenic et la spectrométrie d’énsissatomique a plasma induit par micro-
ondes (MIPAED) et la spectrophotométrie a flammésdgmi (PFPD) sont spécifiqguement

utilisées pour I'étain.
[.3.2.1 Cas de l'arsenic

[.3.2.1.1 Du prélevement a I'analyse

L'analyse de spéciation requiert une préservatian l@chantillon afin d'éviter les
modifications de forme chimique des especes (oxyaatéduction, transalkylation...). Dans
le cas des matrices liquides aqueuses, aucunecttrapréalable n’est généralement
préconisée pour I'analyse de spéciation de l'acsdPour préserver la spéciation, un intérét
tout particulier doit étre porté aux conditionssdeckage. Quelques auteurs se sont focalisés
sur I'impact de la nature du contenant sur la Btallles espéces de 'arsenic : les échantillons
agueux sont le plus couramment conservés dandaten$ en polypropyléne [57-59] ou en
polyéthyléne [60, 61]. Il n’existe a notre connarsse aucun travail portant sur les lixiviats.
Une acidification des échantillons avec de l'acwidfurique, de I'acide chlorhydrique ou
encore de l'acide nitriqgue a été appliquée surébdmntillons d’eaux pour stopper I'activité
bactérienne ou éviter la co-précipitation de l'arseavec le fer [32]. Cependant ce procédé
peut entrainer des interférences au niveau delys@au encore modifier les conditions
redox de I'échantillon (oxydation de Aslll en AsY{34]. Pour ces raisons, certains auteurs
n'appliquent aucun traitement a I'’échantillon maisonservent a plus basse température [31,
62]. En effet, comme les micro-organismes sonteuiilles de métaboliser ou de transformer
les especes, une diminution de la températureéesissaire pour inhiber I'activité biologique.
La température de -20°C permet d’assurer la staldié nombreuses espéces (AsV, MMA,
DMA, AsB et AsC) dans diverses matrices comme l'éésionisée et 'urine [61].

[.3.2.1.2 Analyse

L’arsenic peut étre présent dans les matricesdapisous forme organique et/ou inorganique,
oxydé et/ou réduit. Les principaux modes de séjmaraitilisés pour la spéciation des especes
d’arsenic sont I'échange d’ions et I'appariemenmrms [58] [63].

De part leurs propriétés acido-basiques, la majatiés composés arséniés présentent des
caractéres ionigques différents en fonction du pHetteC caractéristigue fait de la
chromatographie d’échange d’ions la technique sdiparla plus fréquemment utilisée.
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Echange d’anions

La chromatographie d’échange d’anions est la ptiapt@e pour la séparation des especes

inorganiques et mono- et di-méthylées. La colonaeniton PRP-X100 (phase stationnaire

en polystyrene divinylboenzéne avec greffons trirp@mmonium) est la colonne la plus

utilisée. Le Tableau.3.3 présente des exemples récents de méthodedodpees pour

'analyse des espéces arséniées par le mécanigatzadge d’'anions.

Tableaul.3.3 Exemples de conditions de chromatographieh@digage d’anions

Colonne Phase mobile Détectiofespéces séparées Matrice Référence
Hamilton Nitrate d’ammonium Eaux de
_ ICPMS  Aslll, DMA, MMA, AsV [31]
PRP-X100 (gradient, pH 8.7) surface
Hamilton Phosphate d’ammonium Eaux de
_ _ ICPMS  Aslll, DMA, MMA, AsV [57]
PRP-X100 (isocratique, pH =5.6) surface
Hamilton Phosphate d’ammoniumHG-
_ Aslil, DMA, MMA, AsV  Eaux de
PRP-X100 (gradient, pH =5.7) ICPMS
_ _ o surface et [30]
Dionex Acide nitrique Aslll, MMA, DMA, )
) ICPMS souterraines
lonPak AS7 (gradient : pH 3.4-1.8) AsV, Roxarsone
Hamilton Phosphate de potassiunHG- Eaux (riviere,
_ _ Aslil, DMA, MMA, AsV _ [64]
PRP-X100 (isocratique, pH =5.8) ICPMS estuaire)
Hamilton Phosphate de potassium
_ _ HG-AFS Aslll, DMA, MMA, AsV  Eaux de mer [65]
PRP-X100 (isocratique, pH = 6.25)
Hamilton Phosphate d’ammonium i
_ _ HG-AFS Aslll, DMA, MMA, AsV Eaux usées [34]
PRP-X100 (isocratique, pH =6.0)
Hamilton Phosphate de sodium UV-HG- AsC~AsB, DMA, MMA, £ [66]
aux
PRP-X100 (gradient, pH =6.0) AFS AsV
Hamilton Phosphate d’ammonium Eaux (riviére,
_ G-AFS Aslll, DMA, MMA, AsV _ [32]
PRP-X100 (gradient: pH : 4.8-8.0) consommation)
Dionex Acide nitrique Aslll, MMA, DMA, Eaux (pluie,
_ ICPMS . [60]
lonPak AS7 (gradient : pH 3.4-1.8) AsV, AsB, AsC riviere)
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Comme le montrent les exemples du TableduB, la séparation avec la colonne PRP-X100
se limite généralement (pH autour de 6) a quatpeas (Aslll, AsV, MMA et DMA) qui
sont les espéces les plus couramment recherchées ¢t matrices liquides
environnementales. Cette colonne ne permet paségares correctement les especes
organiques telles que AsB, AsC ou TMAO. Ces espé&ms forme de cations ou de
zwitterions aux pH généralement utilisés ne soetfpu ou pas retenues par cette colonne.
L'utilisation d’'une colonne de type AS7 permet demr la séparation d’'un plus grand
nombre d’especes. Cette colonne présente en faitavactére mixte avec un caractére
d’échange d’anions combiné a un caractére hydraplipbase stationnaire en copolymere
styréne-divinylbenzene greffé d’ammoniums quateesaialkylés). C’est la raison pour
laquelle les especes cationiques telles que AsBs€ peuvent étre retenues. Ce type de
colonne a pour inconvénient d’étre tres onéreusejui peut empécher son utilisation pour

des analyses de routine de matrices complexess wlie les lixiviats.

Echange de cations

Les méthodes de chromatographie d’échange de sgienmettent de séparer principalement
les espéces organoarséniées du fait de leur caraaBonique dans un domaine de pH. La
majorité des méthodes développées sont dédiéemalyise de matrices « marines » de type
algue, poisson, mollusque ou ces especes sont itae@s. Sachant que les conditions
chromatographiques sont susceptibles détre apmigiu a des matrices liquides
environnementales, un apercu de ces méthodes egbsgr dans le TablealB.4. Les
méthodes de séparation les plus fréquentes sotdasr I'utilisation de la colonne Hamilton
PRP-X200 (phase stationnaire en polystyrene dibgyténe avec greffons sulfonates) et de
la colonne Supelcosil LC-SCX (phase stationnaire sdite greffée d’acide benzene

sulfonique).
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Tableau.3.4 Exemples de conditions de chromatographiehdiage de cations

Colonne Phase mobile Détection Espéces séparées ricéat Référence
_ Acide nitrique et nitrate

Hamilton ] UV-HG- AsllI-MMA~ASV,

d’ammonium Eaux [66]
PRP-X200 _ AFS DMA, AsB, AsC

(gradient ; pH = 2.5)
Hamilton Pyridine ICPMS Aslll, AsB, Riz, poisson, sol, [67]
PRP-X200 (isocratique; pH = 2.8) DMA+MMA+AsV poulet
Varian Pyridine ICPMS DMA, AsB, TMAO, Echantillons [68]
lonoSpher-5C (gradient ; pH = 2.7) AsC, TMAS marins
Supelcosil Pyridine ICPMS AsB, AsC, TMAO, Sédiments et tissus [69]
LC-SCX (gradient ; pH = 2.6) TMAs® biologiques

Le mécanisme d’échange de cations est appliquiaisefigquemment a la séparation d’AsB,
AsC et TMAO. Ce type de colonne ne permet génémhtrpas la séparation des especes
inorganiques et mono- ou di-méthylées. En généal auteurs qui souhaitent réaliser une
analyse complete des espéces organiques et inqugancombinent une analyse sur chacune
des deux colonnes a échange d’ions [66, 67, 68fibsent une colonne mixte comme I'AS7
[60, 70].

.3.2.2 Cas de I'étain

Le développement de méthodes d’analyse de spétid¢id’étain est consécutif a la prise de
conscience des impacts environnementaux liés artge lutilisation du TBT en tant que
biocide. La trés grande majorité des méthodes meseseuvre est donc spécifiguement

adaptée a I'analyse des butylétains.

[.3.2.2.1 Du prélevement a I'analyse

Les eaux douces ou de mer sont les matrices liguiele plus documentées [71-73] sur
'analyse de spéciation de I'étain. Ces échantillsouvent faiblement concentrés ne subissent
généralement pas de traitement préalable afin dliegtles espéeces de la matrice. Dans le cas
des lixiviats de CSD, une étape d’extraction demmusés organostanniques peut s’avérer
nécessaire. Une telle extraction peut étre réalpm¥eun melange meéthanol/hydroxyde de
potassium [16] ou comme pour les matrices solidets( sédiments, biota) par de I'acide
acétique [71, 74] pouvant étre assistée par I'actia non d’'un champ micro-ondes [75].

-34 -



Problématiques scientifiques

L’analyse des composés organostanniques par chowgraphie en phase gazeuse (GC)

nécessite une étape de dérivation afin de rendrecdenposés extractibles par une phase

organique compatible avec lI'analyse en GC. Cetpesttonsiste a substituer sur I'atome

d’étain un ou plusieurs groupements non alkyléto(ahe, hydroxyde...) par un ou plusieurs

groupements éthyls [16, 71, 72, 75] ou propyls [78]. Les especes sont ainsi pré-

concentrées dans un petit volume de solvant organgf peuvent étre injectées et séparées

par chromatographie gazeuse.

1.3.2.2.2

L’'analyse

Technigue analytique

La séparation par chromatographie en phase gaz®sseomposés organostanniques est la

méthode la plus répandue car aprées dérivation seeces tétraalkylées sont facilement

séparées par leur point d’ébullition.

Le Tableau 1.3.5 présente des exemples de conditions d’analges composés

organostanniques par chromatographie en phase sgazkes colonnes capillaires de 30m

utilisées ont toutes une composition proche de tyg¢hylphénylsiloxane. La plupart des

programmes de température appligués sont adapiéauso composés « lourds » de type

butylétain, phénylétain ou octylétain, soit aux pases « légers » de type méthyl : pour la

séparation de toute la gamme de composés le gtadempérature est allongé (de 40°C a

250°C).

Tableau.3.5 Exemples de conditions d’analyse des compoggnostanniques

Colonne capillaire Programme de température  Détection Espéces séparéedatrice Référence
HP-5 50°C (0.5min)-30°C/min- o

_ ICPMS MBT, DBT, TBT Sédiments [76]
30 x 0.32 x 0.25* 250°C (2min)
HP-5 60°C (0.5min)-30°C/min-

_ ICPMS MBT, DBT, TBT Eaux de mer [74]
30 x 0.32 x 0.25* 255°C (1min)
SPB1 40°C (1min)-10°C/min- o

_ PFPD MMT, DMT, TMT Sédiments [77]
30 x 0.32 x 0.25* 150°C (2min)
SPB1 75°C (0.85min)-10°C/min- MBT, DBT, TBT, Eaux de mer,

PFPD [78]

30 x 0.32 x 0.25*

250°C (5min)

MPhT, DPhT, TPhT

sédiments, biota
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MXT
30x0.53x 1*

DB5
30 x0.32 x 0.25*

HP-5
30 x 0.32 x 0.25*

Methylsilicone
(Quadrex)
30 x 0.35 x 0.25*

60°C (0min)-60°C/min-

_ ICPMS

250°C (2min)
40°C (2min)-6°C/min-
220°C-12°C/min-300°C PFPD
(5min)
50°C (3min)-30°C/min-

ICPMS
320°C
80°C (Omin) -30°C/min -

PFPD

180°C 10°C/min -270°C

MBT, DBT, TBT

MMT, DMT, MBT,
DBT, TBT, MOT,
DOT

MMT, DMT, MBT,
DBT, TBT, MOT,
DOT

MBT, DBT, TBT,
MPHT, DPhT, TPhT,
MOT, DOT, TOT

Tissus d’huitres,

neige, eaux de [75, 79]
mer
Lixiviats de
; [16]
décharge
Eaux de pluie,
[74, 80]

sols

Sédiments, eaux
de riviere, eaux

i [71, 81]
usées, sable,

huitres

*longueur (m) x diameétre interne (mm) x épaissgum)

Du fait de sa bonne sensibilité, de sa spécifatitde sa possibilité d’analyse multi-isotopique,
'ICPMS est le détecteur de choix pour I'analyse speciation de I'étain. Un des grands
problemes des analyses de spéciation réside dassffisante assurance sur les résultats en
terme de justesse et de tracabilité des proto@iadtiques. L'utilisation des matériaux de
référence est généralement la méthode de choixlasalidation de la chaine analytique. Du
fait du manque de matériau de référence certififr ples especes d’étain dans des matrices
environnementales représentatives, il est nécesgamter-comparer les résultats obtenus par
différents modes de quantification. De part sa ai&@e multi-isotopique, 'lCPMS permet
d’'ajouter la dilution isotopique aux méthodes deamgification classiques que sont

I'étalonnage externe, I'étalonnage interne et jeata doseés.

Quantification par dilution isotopique
La dilution isotopique s’apparente a I'étalonnageeiine avec la spécificité d’étre menée
grace a des especes isotopiqguement marquées.dttefpde compenser les erreurs dues a
des préparations d’échantillon non quantitativesaodes pertes pendant le traitement de
I'échantillon. La dilution isotopique est basée Budopage de I'échantillon par une quantité
précise d'une forme isotopiguement marquée d'urm@s Cette espece utilisée comme
traceur est enrichie de telle sorte que son entgrédotopique soit différente de celle de
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'espece naturellement présente. La quantificatest basée sur le calcul des rapports
isotopiques : a partir du rapport isotopique dwedua enrichi, de la quantité de ce traceur
ajoutée a I'échantillon et du rapport isotopique’dehantillon non dopé (rapport isotopique
naturel), il est possible de déterminer la quamt#&omposé dans I'échantillon.

Etant donné que les espéces enrichies, qui sontédee nature que I'espéce d’'intérét, sont
présentes dans I'échantillon initial, elles onvéiatage de se comporter de la méme maniére
gue le composé initialement dans la matrice. Ceemtbétalonnage a pour autre avantage de
ne pas étre affecté par les étapes de préparatra¢tion, dérivation) car la quantification
est réalisée de maniere relative par rapport altatenrichi qui permet de doper I'échantillon
[82]. Elle peut permettre aussi de détecter lestigias de dégradation ou de réarrangement
des analytes. Dans les travaux qui portent suiilldiah isotopique de I'étain, les auteurs
utilisent des espéces butylées enrichie$'&n [75] [83] ou ert'Sn [76] pour quantifier les

composeés butylés dans leurs échantillons en

[.3.3  Analyse de spéciation des especes volatiles desaugtet métalloides dans des

matrices gazeuses environnementales

[.3.3.1 Du prélevement a I'analyse

Lorsque I'on souhaite échantillonner des gaz darsit de réaliser une analyse de métaux et
de métalloides, trois techniques peuvent étresagb. Une premiere technique consiste a
piéger les éléments métalligues dans un liquidedgdement un mélange acide/oxydant) au
moyen d’un systéme de bullage. C’est la méthodeéfdgence en ce qui concerne I'analyse
des métaux totaux dans les gaz dans la législ&tmgaise (norme francaise pour la mesure
des métaux, NF X 43-05). La deuxieme techniquepsiegsur les propriétés d’adsorption des
métaux sur des adsorbants chimiques ; ce type abditlonnage est limité par le caractére
plus ou moins sélectif des adsorbants. En ce quiaroe le mercure, cette technique est trés
utilisée car les pieges en or présentent une wée félectivité vis a vis du mercure
(formation d’'un amalgame). Enfin, la troisieme désprécente technique est le piégeage
cryogénique qui a l'avantage de constituer un piglyesique et donc universel des espéces
organomeétalliques volatiles. Ces différentes tegqins ont toutes été appliquées aux effluents
gazeux issus des CSD (Tablg&.6).

-37 -



Problématiques scientifiques

Tableau.3.6 Techniques de prélévement des échantillorsatmz

Biogaz Prélevement Objectif d'analyse Référence
Torchére de CSD Module de HNO; + KCrO Mercure [3]
barbotage HNe+ H,O, Métaux et
meétalloides
‘Torchére de CSD Pieges Charbon actifiodé etor Mercure total ~~ [20]
spécifiques Carbotrap (Supelco) Diméthylmercure
‘Torchérede CSD Sac Tedlar (4L) N [84, 85

Bullage dans . i

i Chambre a flux + Sac Tedlar Composés

zones marécages o

__________________________________________________________________________ _ organométalliques ...
Station Sac Tedlar (80L) [23]

d’épuration )

Les échantillons prélevés dans les sacs Tedlarteammgportés au laboratoire dans des sacs
noirs afin d’éviter une dégradation par les rayoneets UV [23, 84, 85]. L'inconvénient de
ce type d’échantillonnage avec les sacs en TedtayLeil est nécessaire de réaliser I'analyse
dans la journée suivant le prélévement pour étrals(conserver l'intégrité de I'échantillon
[86]. Cette technique a pour avantage la simpliditdilisation et la variété de volume que

I'on peut prélever (de 1 a 100L).

La technique de pré-concentration par piégeagegénique a l'avantage de constituer un
piege physique et donc universel des especes orgdaliiques volatiles. Les espéces sont
piégées en fonction de leur température d’ébuflitei non en fonction de leur affinité
chimique par rapport & une phase stationnaire.iguar€&l.3.1 présente un schéma de principe
de du montage de pré-concentration des échantiffansux développé dans notre laboratoire.
Le piégeage cryogénique des échantillons gazewéalste a —80°C sur une colonne de laine
de verre silanisée. Cette température est chdisieda ne pas piéger le dioxyde de carbone
qui est avec le méthane un des composés majositdéree type de gaz. L’échantillon gazeux
passe au préalable dans un piége a eau maint@di@ par un mélange d'acétone et de glace
afin d’éviter la formation d’'un bouchon de glacel'entrée de la colonne. Apres pré-

concentration, les colonnes sont conservées daasyaconservateur a -196°C.
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Résistance chauffante

Thermocouple

Colonne en verre K Laine de verre
Colonne
Gaz - d'échantillonnage
V. \
\

Cylindre de cuiyre ‘
—
T 1L//mi

Sac Tedlar | |Pi€ge a eau Piege cryogénique Régulateur Pompe
-20°¢C -80°C de débit

Figurel.3.1 Schéma de principe d’'un systéme de pré-cdrateon des échantillons gazeux par piége

cryogénique d'aprés Pécheyretral. [87]

1.3.3.2 Analyse

[.3.3.2.1 Technique analytique

Il existe peu d'articles en ce qui concerne I'apalyle spéciation des composés métalliques
volatils dans les gaz issus des décharges ou diesnst d’épuration (méme type de gaz).
Cependant, les techniques analytiques sont sieslaircelles utilisées pour les analyses d’air
ou d’'autres gaz. L'une des principales méthodesomiéées aujourd’hui et développée dans
notre laboratoire est le piégeage cryogénique éoagh chromatographie en phase gazeuse
elle-méme couplée a un spectrométre de masse maglasiuit (C-GC-ICPMS). Elle a déja
ete appliquée pour I'analyse d’air ambiant [87-89]'analyse de gaz issus de CSD ou de
station d’épuration [17, 22, 23, 84, 85].

Les gaz piégés sur les colonnes de laine de vent dgsorbés par augmentation de la
température puis piégés une nouvelle fois sur whenne chromatographique non polaire

placées dans de l'azote liquide (-196°C) (FiguBe2). La séparation chromatographique est
réalisée par chauffage de la colonne de —196°Cvisiloen150°C. Le gaz vecteur utilisé est

I'hélium [23, 84, 85] ou l'argon [17, 90].
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Colonne Résistance chauffante
chromatographigue

000
>
000

. 2 Gaz blasmaaéne
(b) Colonne Etalons quuidt—:Gsaz N Gc:)z :uxiliair-e
/] Poubelle

nébulisation

a) Iniecteur

I'échantillon -196°C de I'échantillon

Introduction de ] [Plege cryogenique ] [Systeme d'"-l“'““‘]l ICPMS y

Figurel.3.2 Schéma de principe du systéme de chromatbgrgazeuse avec piege cryogénique
couplée a I'lCPMS [87]

1.3.3.2.2 Identification et quantification des composés omagtalliques volatils

Le couplage a 'ICPMS permet I'analyse d’un gramdnbre d’éléments. Il est donc possible
de détecter une grande variété d’especes organiiqéta volatiles (Tableaul.5). Pour une
minorité d'especes, les étalons gazeux sont conabement disponibles [89] : ainsi les
espéeces peuvent étre correctement identifiéesagttifjges. Par contre, pour toutes les autres

especes ces deux étapes sont plus délicates.

L'identification est réalisée par le calcul de lempérature d'ébullition des composés
inconnus a partir de la relation de linéarité ederdemps de rétention et la température
d’ébullition pour une méme famille de composés.dfet, en supposant que la séparation
chromatographique est régie principalement parelapgrature d’ébullition, les auteurs
déterminent la relation de linéarité entre les dguandeurs et I'extrapolent aux espéces
inconnues [22, 39, 88]. Cette méthode d’identifaatpermet d’avoir une idée plus précise

des especes susceptibles d’étre présentes dahkadillons.
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L'utilisation d’'une torche double entrée permet rddbuliser une solution simultanément a
l'injection de matrices gazeuses (Figl&?2). Des étalons liquides peuvent ainsi étredtss
pour réaliser une semi-quantification (30% d’erjeles espéces volatiles [84]. Il s’agit alors
de calculer le rendement de nébulisation qui inglidgeu quantité réellement injectée par
rapport a la quantité consommeée et ce par unittenps. Les concentrations en composé
peuvent étre évaluées en utilisant la relatioraiieéentre 'aire du pic et la quantité injectée.
Cette méthode nécessite que les conditions du plasment les mémes pour l'injection des
étalons en phase liquide et I'injection des éclians en phase gazeuse : ainsi une solution
agueuse avec ou non un étalon interne est injéatieau long de I'analyse des échantillons

gazeux.
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l.4. Démarche scientifique

Ainsi, malgré leur importance croissante dans lgeux environnementaux les centres de
stockages de déchets constituent encore de nasdesr«boites noires » dans lesquelles des
phénomenes physiques, chimiques et biologiquesviateent simultanément. Parmi les
composés présents dans les déchets, les métaugtatioiales, en particulier I'arsenic et
I'étain, peuvent étre a l'origine de risques saretaet environnementaux. Les connaissances
concernent essentiellement les teneurs élémentdares les effluents produits par les CSD.
Ces données sont insuffisantes lorsqu’il s’agivdiger leurs impacts environnementaux car
les comportements et les toxicités des métaux édlimiéles sont trés variables en fonction
des formes chimiques sous lesquelles ils sont pi®sEn terme d’analyse de spéciation, les
lixiviats souffrent d’'un manque de protocoles spigoement adaptés. Par contre, les
protocoles développés pour l'analyse de lair o@adété adaptés a des matrices gazeuses

aussi complexes que les biogaz.

Ce travail a donc eu pour objectif d’étudier le eleiv des métaux et métalloides dans les
effluents de CSD. Le schéma de la Figu#el synthétise la démarche qui a été mise en
ceuvre au cours de la thése. Les étapes de prépadati’échantillon et de I'analyse ont été
testés a partir des nombreuses données bibliognagdhisur les eaux et/ou les sédiments afin
d’optimiser les conditions les plus adaptées axixiéts. Apres validation, la méthodologie a
étée appliquée aux échantillons des deux siteseuaidme partie du travail a consisté a suivre
les éléments étudiés au sein des CSD en intégramakractéristiques des sites ainsi que des
parameétres globaux tels que les données hydrolegiidia répartition des différentes espéces
de I'étain et de I'arsenic a été examinée en tecamipte de leur occurrence initiale dans les
déchets et de leur devenir dans le systeme complaxitué par les lixiviats et les biogaz.
Enfin, I'élargissement du cadre de I'étude a perdéstimer et de caractériser les émissions
potentielles de ces deux éléments dans les miiquatiques et atmosphériques.
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Figurel.4.1 : Représentation schématique de la démanibetdique mise en ceuvre
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Signatures élémentaires des lixiviats

II. Détermination des concentrations en métaux et métaldes
dans les lixiviats de centres de stockage de déchet

Méme si une grande partie des métaux reste piégée ld massif de déchets, une fraction
plus ou moins importante est mobilisée dans lasidits. Des phénomenes complexes qui
combinent des processus physiques (lixiviation...¢s dorocessus chimiques (oxydo-
réduction...) ainsi que des processus biologigheslégradation de la matiére organique...)
interviennent tout au long de la formation et dvdlution des lixiviats. A ceci s’ajoutent les

d’autres parametres tels que la nature des dédbetmde de gestion du site et les conditions

climatiques qui contribuent aussi aux variationgal@position de ces effluents complexes.

Ce chapitre présente les travaux de mise en plagelp détermination de la composition en
métaux et métalloides des lixiviats. Nous nous semniout d'abord, focalisés sur la
préparation de I'échantillon. La synthése bibligdrigue a mis en évidence une grande
disparité dans les protocoles pour ce type de oestriLes différentes étapes de la chaine
analytique (aération, filtration, stockage...) sadtées afin de définir les plus critiques en ce
qui concerne I'analyse des métaux et métalloidespriotocole analytique retenu est ensuite
validé grace a l'utilisation complémentaire de denatériaux de référence certifiés et d’'un
échantillon de référence de laboratoire, qu'il s@&ré nécessaire de développer a partir d’'un
lixiviat réel. Enfin, I'applicabilité de la méthotlmgie est évaluée sur le suivi saisonnier des
lixiviats d’un CSD.
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Due to the complex nature of landfill leachatestahand metalloid analyses prove to be
tricky and suffer from a lack of standard protocédlscomplete approach has been adopted to
investigate the influence of the different stepardyuthe sample processing of French landfill
leachates. The validation of the entire protocal been achieved using a laboratory reference
material. This material, which is a real landfébchate, is representative of real samples. Its
evaluation has allowed a quality control for metatl metalloid analyses in landfill leachates.
Precautions concerning storage temperature, aeratid filtration are proposed to perform
accurate metal analyses in these complex matfitessample processing has been applied to
the seasonal monitoring of a French landfill. Tresessment of major leachate metallic
contaminants such as As, Cr, Sb, Sn, has beenrpedo by evaluating the relative
enrichment of metals and metalloids in comparisath wain water and groundwater. In
addition hydrological data are useful and comple@rgninformation to point out the main

factors affecting metal concentrations and thus fhetential remobilisation pathways.
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I1.L1. Introduction

Municipal solid waste management is to date ongn@fmost critical concerns of our society
as the production of domestic wastes is continyoingreasing. Even if new technologies,
such as sorting, composting or recycling, are ptechoat present the most common
approaches for waste management are still incioarand landfilling. Waste disposal is
more particularly the predominant alternative insinmountries. This is partly due to the low
cost and the simplicity of this technology, coupleda relatively good degradation and
stabilisation of the majority of municipal solid stas.

Landfilling is a source of three major types of sauice to the environment, namely gases
(odorous, inflammable, toxic and greenhouse gasigs)d effluents (nutrient rich and toxic
leachates) and landscape alterations. In developedtries, leachates are now regulated in
terms of collection and treatment. Leachates havmetcollected during the entire cell filling.
After collection, they have to be treated in thensaway as waste waters, before being

discharged in the natural environment.

Landfill leachate composition monitoring is impartaas their environmental impacts last
from beginning of cell filling, to many years aftef. Physical, chemical and microbiological
processes in the waste mass are the cause of geshhatween the solid, the liquid and the
gaseous phases. During their formation by watetgfv@ontained in wastes and rain water)
percolation, leachates become more complex witlgla drganic and inorganic conteht” ©
Leachate composition can be highly variable dependdn landfill location’, waste
composition®, and managemefit The observed variations can also be due to ttle d&
standard protocols for sampling, storage and treatrof leachate samples. As an example,
the concentrations of metals measured in a samhecalloids will change depending on the
sampling technique uséd® due to the high affinity of heavy metals for cad®® and due to
the sensitivity of colloids to sampling conditionrAmong the various parameters which
should be taken into account, metals and metallaidsstill recognized as priority pollutants.
In opposition to most of organic pollutants, metatgl metalloids cannot be degraded in the
waste deposit. They are thus maintained in theendisposal and further mobilized in liquid
or gaseous phases. The ranges of concentratiolzaghates reported in the literature are

considerable such as for Cd 0.2-20pg/L, Cr 5-600pgh 0.01-70mg/L, Fe 0.3-220mgA>
13
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Landfill leachates are complex matrix halfway bedwevater and sludge. Known methods for
sample treatment and sample analysis should beattajgted for such a miscellaneous matrix.

Nevertheless, few studiés® 11 3

re directly focused on metal analyses in lantfdchates.
Metal composition is often only a part of the asaly performed and no detail is given
concerning the sampling protocol, the sample treatnor the sample analysis. Only one
research teant® has published and focused its attention on sampirotocols. In this
intensive study, leachates were carefully sampleditoring continuously the turbidity, pH,
specific conductivity and temperature. The condgiapplied to preserve tiresituchemistry
have allowed evaluation of the metal fractionatietween colloid and dissolved phases.

The use of certified reference materials (CRMsYyaquired to ensure the measurement
accuracy*. Only two certified reference landfill leachates available (LGC 6175 and LGC
6177 (Promochem)). The concentrations are certibed, Ca, Fe, K, Mg, Mn, Na, Ni P and
Zn. These CRMs are unfortunately not certified tloe most environmentally problematic
metals and metalloids such as Hg, Pb, Cd, Sn, Als@n(European Pollutant Emission
Register, 2000/479/EC). Moreover, the pre-treatnagmied to ensure the stability of these
two CRMs (acidification and filtration) leads taveodification of the matrix. Precipitation of
organic matter (humic acids) due to acidificatidrman form aggregates, in which particulate
metals can be trapped. This treatment can lead ltssa of metals during filtration. The
development of a representative laboratory referematerial appears to be necessary to
complete the quality control of the entire anabftiprocedure for metal analysis in landfill

leachates.

The purpose of this paper is to assess the compleisessing of metals and metalloids
analyses in landfill leachates. The first partro$ wwork is focused on the evaluation of critical
steps during sampling and sample processing. Baseuhitial results on the influence of
sample processing on metal analyses in landfitHages™, the objective is to highlight the
precautions required for metal analyses in suchptexnsamples. The second part presents
the conception of a laboratory reference matedi&@M) using a bulk landfill leachate.
Although the feasibility of such LRM has been chetly an inter-laboratory comparistin

its relevance is evaluated here for quality contnotoutine analyses of metal in leachates.
Finally, the methodology is applied for the seasananitoring of metal and metalloids in
landfill leachates. In this last part the assessmémetal contamination for such landfill is
discussed through the evolution of leachate contipasitogether with background

concentration and hydrological conditions.
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I.2. Experimental

[1.2.1  Sampling
[1.2.1.1 Sampling sites and sample collection

[.2.1.1.1  Landfill sites description

Leachates are sampled in a French landfill whiateikes only municipal wastes. This
landfill, named hereafter as L.F.1, is small: 1000@s of wastes per year are disposed. This
site is composed of three cells: the first onelieen filled from 1989 to 1999, the second one
from 1999 to 2003 and the exploitation of the tlorge started in 2004 (during the year 2003-
2004 the site has been modernized). The total ptatons and the mean atmospheric
temperature of the 30 days period preceding eaniplsag campaigns are noted (Météo
France).

For the creation of the laboratory reference malethe leachate originates from a French
landfill, named hereafter as L.F.2, where 20000Gs tper year of municipal solid wastes are

disposed.

[.2.1.1.2  Sample collection

Leachates of the second cell of L.F.1 have beempleamConcerning the sampling technique,
no pumping is applied and no perturbation of th#élow is induced: leachates are simply
collected at the extremity of the leachate pipeadbate from L.F.2 is collected in the leachate
well with a pump.

Leachates from L.F.1 and L.F.2 are collected irygiblylene containers (1L for L.F.1 and
20L for L.F.2).

Sampling bottles and plastic ware throughout thiskamvere all, before use, rinsed with a
detergent and warm water, then decontaminated wdiitted (10%) nitric acid (Baker
Analysed, 65%) and finally rinsed three times wiltrapure water (Millipore 18I%). All
bottles are filled with ultrapure water and transpd to the landfill. One of the bottles is left

with pure water to constitute a “landfill blank”lfowing all the critical steps.

[1.2.1.2 Sampling evaluation strategy

A complete sampling strategy is performed on omelfil leachate sample from L.F.1. To

evaluate the impacts of sample processing stepmetal and metalloid determination, a
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reference protocol for this type of complex matisxestablished. Figurél.1l presents a
general scheme of the sample process pathwaysdingluthe experimental approach
performed in this study. The first step aims toleat the impacts of sample conditioning,
i.e. with or without aeration. The aeration is gaitrout by bubbling oxygen in the leachate.
Each aliquot is then filtered or not with 0.2untefis (vinyl polyfluoride, Durapore). The
filtration is performed on-line (polysulfone devjcand under pressure (nitrogen, 99.9990%).
Finally, long-term storage temperatures are evatudtor each protocol, 15 aliquots of 5SmL
or 10mL (polypropylene vials) are sub-sampled. Batocol is tested in triplicate to obtain

a specific standard deviation.

LEACHATE
¥ l
AERATION Aeration Mo aeration
|
¥ '# ¢
FILTRATION Mo filtration Mo filtration Filtration 0.2 pm o Filters
| |
¥ + ¥ v ¥
STORAGE —a0 9 —13a °C =20 9 +4 2 =20
| | | | |
v
DIGESTION Under microwave with mitric acid
ANALYEIS ICPAES and ICPLS

Figurell.2.1General scheme of sample processing strategy

[1.2.2 Reagents and certified reference materials

All reagents used are analytical grade and ultepater is obtained from a MilliQ system
(18MQ, Millipore). For microwave digestion, nitric aciBaker Instra-Analysed, 70%) is
used. To cover all the range of elements, thredit@i@mental solutions are obtained from
Analab (CCS-4, CCS-5 and CCS-6).

For quality control, a landfill leachate LGC 6171/GC Promochem) with eleven certified
elements (B, Ca, Cr, Fe, K, Mg, Mn, Na, Ni, P, Zmnd a waste water SPSWW1 (LGC
Promochem) with eleven certified elements (As, Mn,Al, Pb, Mn, Cd, Co, Cr, Cu, Fe) are
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used in this work. The certified landfill leachdt&C 6177 is preferred to the LGC 6175
because it presents more certified elements. Ttidieg waste water allows analysis of six
additional elements.

[1.2.3 Physical and chemical parameters

Complementary characterization of the leachate k=mmps obtained through the
determination of the following parameters: pH (pldter Metrohm 691), Total Organic
Carbon and Inorganic Carbon by a TOC analyser (M@Sn Shimadzu), anions (CF, Br,
NOs, SQZ, =PQy) by ionic liquid chromatography (Dionex DX120 I&@@hromatograph),
sodium and potassium (N&™) by flame photometry (Corning 410). The determiorabf all
these parameters has been performed using staménddology®.

During the evaluation of the sampling and the sanyg@atment strategies, the filters used for
the filtration of the leachate samples have beexlyaad by an Environmental Scanning
Electron Microscope.

[1.2.4 Sample digestion

Leachates are digested using microwave systems (Ofierodigest 3.6, Prolabo) and closed
(Ethos, Milestone and MDS-2000, CEM) systems hasenhtested during validation of the
protocol and give similar result 5mL of the leachate are placed in the vessel Sritih. of
HNO; (Baker Instra-Analysed, 70%). The digestion is ptate within 15 minutes at an
irradiation power of 62W (opened system) or witkemperature of 110°C (closed system).
After cooling at room temperature, the sample asgferred in a polyethylene flask (35mL)
and diluted five times with ultrapure water. Bef@malyses by Inductively Coupled Plasma
Atomic Emission Spectrometry (ICPAES) and IndudiiveCoupled Plasma Mass
Spectrometry (ICPMS), samples are diluted two tiraed twenty times, respectively, and
filtered (0.45um, cellulose acetate filters) to oem remaining suspended patrticles.
Digestion blanks are made by replacing leachataulbgpure water. The same digestion
protocol, dilution and filtration are applied toedk potential contamination from all these
steps.

[1.2.5 Analytical procedure

[1.2.5.1 Instrumentation

For total metal concentrations, two complementaghhiques are used: Inductively Coupled
Plasma Mass Spectrometry (ICPMS) (Agilent, 7500zl Inductively Coupled Plasma

-59 -



Signatures élémentaires des lixiviats

Atomic Emission Spectrometry (ICPAES) (PanoramdirkYvon). The analytical sample
introduction system is composed of a Micromist rigleu and a Scott chamber for ICPMS,
and composed of a cyclonic chamber and a Meinhabdliser for ICPAES. During protocol
validation, additional techniques such as Graphitenace Atomic Absorption Spectrometry
noted GFAAS (SpectrAA220Z, Varian), and Flame AtorAbsorption Spectrometry noted
FAAS (SpectrAA220FS, Varian), have also been usdidviing standard procedurg. Fe
and Zn are analysed using FAAS, whereas Cd, Cr,NCuMn and Pb are analysed by
GFAAS.

Tablell.2.1 Analysis parameters

ICPAES ICPMS
Wavelength Detection Collision cell Detection
Element o Isotopes o
(nm)  limit (ug/L) mode  limit (ug/L)
OFF ON
As 189.0 5.5 As H, 0.06
Sn 189.9 5.4 'gp,t8gn, 2% He 0.03
Se 196.0 205  "®Se,’’se,¥se H, 0.20
Zn 213.9 1.6 ®7Zn,%Zn He 0.08
Pb 220.5 11.4 2°%Pb,?Pb,?%%Pp X 0.09
cd 226.5 1.1 ed, Mied H, 0.01
Mn 257.6 0.4 >*Mn X 0.02
Fe 259.9 1.7 *Fe,*'Fe H, 0.80
Cr 267.7 3.2 Cr, >Cr H, 0.045
Cu 324.8 2.7 ®3cu,*cu H, 0.09
Al 396.2 11.1 ZIA X 0.98
Sr 407.8 0.1 gy H, 0.07
Sb 206.8 11.1 1215p X 0.09
Co 228.6 2.2
Ni 231.6 5.2
Ca 317.9 8.5
Mg 279.6 0.4

For ICPAES analysis, 15 elements are monitored @dsfor ICPMS only 13 elements are
monitored (Tabldl.2.1). The operating conditions are typical foe ttwo analytical apparatus
(cooling argon: 15L/min, nebulization argon: 0.24¥min, RF Power: 1000W (ICPAES) and
1500W (ICPMS)). For ICPMS, a collision cell is used avoid polyatomic interferences
(multi-tune mode). Analysis of each element carpbédormed with or without collision cell
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(using hydrogen or helium; gas flow: 3.5-5mL/mifjable 1 outlines the appropriate
wavelengths for ICPAES, the ICPMS isotopes andctilésion cell modes. Tuning of the
ICPAES is made with a 5 mg/L solution of Pb wheraasng of ICPMS is made with a
1pg/L solution of Li, Y and TI. Blanks of the whotample processing are determined to
check for any contamination. Storage blanks are pkrformed to avoid any bias due to

metal release by storage vials.

11.2.5.2 Quantification

The difficulty of elemental analysis of metals ametalloids in landfill leachate is mainly
related to the large concentration range. For e¥@n@d amount is below 1ug/L whereas Fe
concentration can reach up to 4500ug/L. For thésar, in order to give accurate results,
analyses of leachates and CRMs have been perfaametdjuantified by external calibration

with matrix reconstitution but also by standardiadd to check any matrix effect.

[1.2.5.3 Analytical performances

Detection limits (LD) are calculated from three ésnthe standard deviation of matrix
reconstitution blanks. ICPMS is much more sensithan ICPAES, as shown in Table2.1
with the comparison of LD. Detection limits varpin 0.01ug/L for Cd by ICPMS to 20ug/L
for Se by ICPAES. This underlines the complemetytari these two techniques for samples
with a wide range of concentrations.

Considering the ranges of concentrations, respdygtifior ICPMS from 0.1upg/L to 20pg/L
and for ICPAES from 100ug/L to 5000ug/L, the lineagression factors exceed 0.99. For
ICPAES, the relative standard deviation for a meleimental standard at 250ug/L varies from
9% for Cr to 24% for Se. For ICPMS, the relativanstard deviation for a multi elemental
standard at 1pg/L varies from 4% for Cd, Cr, Mn, Sb, Sn, and Sr to 25% for Al and Fe.

[1.3. Results and discussion

[1.3.1 Validation of analytical techniques with availableCRM

Two certified reference materials have been usedtlie validation of the analytical
techniques (Tabl#.3.1). A relative standard deviation of 10% fbetcertified concentrations

can be accepted, to evaluate metal contaminatiosisah complex matrices.
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11.3.1.1 Certified reference landfill leachate

The concentrations of Cr, Mn and Ni measured bytkinee analytical methods (GFAAS,
ICPMS and ICPAES) are within the certified confidennterval. The three techniques give
similar results for Zn (mean value= 225 + 15 udiuj the range of concentration is slightly
lower than the certified confidence interval (260 20ug/L). Only ICPMS gives a

concentration of Fe outside the certified configematerval. The same dilution for all the
elements was made to evaluate analytical protofmwlgoutine analysis in such complex
matrices. The lack of accuracy observed is duditodilution, which is not sufficient for Fe

to fall within the range of the standard calibratio

11.3.1.2 Certified reference waste water

The determinations of Cd, Co, As, Cr and Al arefqrered with a deviation of 10% for the
three analytical techniques. The concentrationBlfMn, Cu and Ni measured by ICPAES
do not overlap the 10% confidence interval. Only?MS concentration for Fe and ICPAES

concentration for Zn are within the confidence iné:

Tablell.3.1 Validation with certified reference mateggtoncentration in pg/L)

LGC 6177 SPS WW1
Certified  *GFAAS or Certified 3GFAAS or
Element b ICPAES ICPMS b ICPAES ICPMS
value FAAS value FAAS

Cd 20.0 0.1 220 +1 20 +1 25 £2
Co 60.0 £0.3 65 +2
Pb 100.0 +0.5 %113 +4 74 4 115 3
As 100.0 0.5 74 20 123 14
Cr 180 20 4202 +2 188 +10 190 £13 200 %1 4215 +2 220 %1 213 3
Mn 140 +20 4155 +3 156 +7 153 +7 400 +2 4434 +3 477 +1 427 6
Cu 400 2 4411 +21 472 4 468 +23
Zn 260 +20 226 +14 230 +2 219 #11 600 6 491 1 621 +6 527 #8
Ni 210 =20 4207 +9 213 %12 1000 5 #1052 +8 1157 =9
Fe 3800 +200 "4048 175 4153 +200 4392 +180 1000 #5 ®660 +62 1837 65 1180 +77
Al 2000 #10 2016 +93 2352 +141

These two CRMs reflect the difficulty of measuriadarge number of metals and metalloids
with a wide range of concentrations using simpleho@s. Systematic errors are indeed
inherent in multi-elemental analytical techniqu&kis evaluation shows the importance of

confronting the different analytical systems toyyde accurate results.
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[1.3.2 Multi-elemental analytical verification using a Laboratory Reference
Material (LRM)

As the matrices of the two available CRMs are epresentative of a real landfill leachate, a
landfill leachate characterized by two independkidoratories with different analytical
techniques has been developed in order to be ssadaboratory reference material (LRM).
Different sample preparations are tested to comoohogeneity and stability of this material
7 To obtain a reference material with a matrix lase as possible from the leachates one, the
“bulk” sample is chosen as the laboratory referanegerial to control each leachate analysis
and to validate result accuracy. This leachate #impstored in 5mL propylene flasks at -

20°C without any treatment.

Tablell.3.2 Validation of the LRM (bulk sample) with meaalue (pg/L) determined during intercomparison
work (ICPMS, GFAAS or FAAS and ICPAES) and thresnstard deviations obtained during intercomparison
work, during homogeneity tests (n=10, ICPMS) andrduone year stability test (n=6, ICPMS)

Mean value Standard deviation in pg/L (relative standard ditain %)

(1g/L) Intercomparability Homogeneity Stability
Fe 3363 285 (8%) 98 (3%) 357 (11%)
Cr 907 118 (13%) 17 (2%) 192 (21%)
As 578 12 (2%) 6 (1%) 69 (12%)
Zn 192 18 (9%) 6 (3%) 57 (30%)
Sn 142 35 (25%) 7 (5%) 22 (15%)
Mn 134 17 (13%) 8 (6%) 15 (11%)
Cu 111 16 (14%) 4 (4%) 22 (20%)
Pb 16° 3% (19%) 0.6 (4%) 4 (25%)
cd 0.7° 0.3° (43%) 0.1 (14%) 0.1 (14%)

#Inter-comparison between ICPAES and ICPMS
® Inter-comparison between GFAAS and ICPMS

[1.3.2.1 Evaluation of analytical procedure

The development of the laboratory reference mdtatiaws to evaluate not only analytical
techniques but also sample processing. In fact,twe laboratories have used different
approaches for analytical protocols (e.g. open eladed microwave systems, different
quality of nitric acid). Mean values obtained ftietbulk sample with the three analytical
techniques (ICPMS, ICPAES and GFAAS) are presemtedable I11.3.2 along with the
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standard deviation. For Pb and Cd, the indicatedmwalue corresponds only to ICPMS and
GFAAS because their concentrations are lower thandetection limit of ICPAES. For As
and Sn, the indicated mean value correspond onlyC®AES and ICPMS. Analytical
performances of the three analytical technique®AES, ICPMS and GFAAS) depend on
the ranges of concentration, in addition to thecsjgesensitivity of each analytical system.
For the four most concentrated elements (Fe, Cr,ZA3, the standard deviation is around
10%, whereas for Cd the precision is worse anddlative standard deviation reaches 43%.

[1.3.2.2 Homogeneity of LRM

The homogeneity test allows the evaluation of thgeatability of the analytical protocol
using the LRM. The external homogeneity of the LRMested among the different vials
stored at -20°C. This external homogeneity is meablby ICPMS by reproducing the
analysis on 10 independent samples. Standard osaire presented in Table3.2. Results

obtained exhibit a standard deviation lower thanes&ept for Mn (6%) and Cd (14%). These
standard deviations are lower than those obtaingthgl the intercomparison work. The

Laboratory Reference Material is assumed to becseriitly homogeneous.

[1.3.2.3 Stability of LRM

The LRM is not chemically modified, conversely tertified reference materials which are
often acidified. For this reason, the stability stes time of the bulk sample stored at -20°C
must be tested. The evolution of concentrationssorea using ICPMS in this sample is
monitored during one year (6 analyses). A new LRM & defrosted, digested and analysed
(Tablell.3.2) for each analysis date. This stability testresponds to a reproducibility test of
the global protocol. For all the elements the séatidleviation over one year is comprised
between 11% (Fe and Mn) and 30% (Zn), and thereftways larger than the homogeneity
standard deviation. The variability measured ove gear for Mn, Sn and Cd is lower than
the standard deviation measured during the intepesison work. For these elements no
significant instability can be outlined. The ca$eCd is particular, because the concentration
in the sample is closer to the detection limit. Tiigh standard deviation prevents an
assessment of its stability. For Fe, As, Cr, Zn,dd Pb, the variability measured on six
analyses over one year is larger than the stand@wation measured during the
intercomparison work. This result suggests thataimepecies in LRM are not totally
stabilised during storage. Plotting the concerdaretimeasured versus time does not show
however any specific trends. There is neither @&eenor decrease of the concentrations

-64 -



Signatures élémentaires des lixiviats

measured. It can be concluded that the metal ctratiems may exhibit larger uncertainties

than expected but the LRM does not present a sgnifinstability with time.

[1.3.3 Evaluation of sampling and sample treatment strateigs

To control the entire protocol for metal analysedeiachates, the different steps presented in

Figurell.2.1 are evaluated.

[1.3.3.1 Sampling and storage

The aeration does not affect the determination efainconcentrations (Tablk.3.3). No
significant differences can be observed for all #feelement concentrations measured by
ICPMS. This observation is probably linked to tlaadfill equipment itself. Indeed, the
leachates are not preserved from aeration durieg tiollection in the leachate pipe. The
impact of aeration is not significant. Leachate noas can be different from one landfill to
another and some elements such as iron and mamrgareesiependent on redox conditions.
Maintaining no head-space above the liquid phassuggested to avoid air contact in the

storage vial.

Tablell.3.3 Results for the different ways of leachadenple processing (concentrations in pg/L, meashbyed
ICPMS)

Concentrations in pg/L

Aeration No Aeration  No Aeration  No Aeration  No Aeration
Elements No Filtration ~ No Filtration ~ No Filtration ~ No Filtration Filtration
-20°C +4°C -20°C -196°C -20°C

Cd 0.21+£0.02 0.27+0.04 0.25 +0.07 0.24+£0.04 0.12+.001
Se 0.33+£0.06 0.34+0.01 0.36 £ 0.04 0.33+0.06 0.23+0.04
Pb 5.0+0.6 25+0.2 5.6 +0.3 5.3+0.6 4.1+0.01
Sb 13+1 14+1 14+2 14+1 13+1
Cu 12+1 13+1 14+1 14+1 11+1
As 62+1 58+ 1 61+ 1 62+6 60+ 1
Zn 96 +3 85+2 93+1 101 +13 801
Mn 539+1 477 £ 19 544 +1 551 + 65 511+1
Sn 300+4 291 +1 316+2 308 + 22 280+2
Cr 691 + 20 727 + 28 709 +2 713 +58 659 + 2
Al 1144 + 46 1113+ 39 1208 £ 12 1417 + 49 958 + 6
Sr 2537 + 142 1716 +£ 210 2557 + 12 2578 + 27 2486 + 9
Fe 3415+50 3378 £157 3465 + 8 3488 +286 3190 + 33
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There are no significant differences between theethiested storage temperatures (-196°C, -
20°C and +4°C) after six months of storage, excipwt Mn, Al and Sr where the
concentrations are slightly lower for the +4°C-stbsample (Tabld.3.3). Leachates samples
are generally stored at +4°C as water samples endralysed soon after sampliid® **

The question of long-term storage has thus not beeestigated. Storage at -20°C is
generally rejected because of the changes thabceur during one or more freezings and
defrosts. It is possible to avoid such problemrapdferring the leachates in 5mL aliquots just

after sampling and storing them at -20°C for sireglalysis of each vial.

[1.3.3.2 Sample treatment

Leachates are commonly treated as other aqueoysesafretween sampling and analysis.
Filtration just after sampling is therefore testéde influence of 0.22um filtration is linked to
the characteristics of the matrix, more particyldaHe presence of colloids and suspended
solids. For example, the size of iron hydroxiddaidlvaries from nanometers to microhs
Depending on the distribution of the colloids ahé tut-off limit chosen for the filter, the
amount trapped on the filter varies. The leachatelLis filtrated just after sampling. The
filtrated sample is analysed in terms of metal cosipn and can be compared to the bulk
content (Tablell.3.3). Four groups of elements can be differdatla The ratio between
filtered and bulk contents is higher than 95% faraad Sr. Then, for five elements (Sb, Cr,
Mn, Fe, and Sn), difference between filtered ané bamples ranges between 85% and 95%.
The third group composed of Cu, Pb, Al and Zn igenaffected by filtration with a ratio
between 75% and 85%. Finally, the analytical emade on the determination of Cd and Se
concentrations (around 1pg/L), do not allowed arusate measurement of the ratio between
filtered and bulk samples. Thus the major parthef ¢lements is dissolved or bound to the
colloidal fraction smaller than 0.22um. These rssate similar to the results obtained for
Mn, Cu, Cr and Zn in four Danish landfit§ even if the cut-off limit is not the same as here
(0.40um).

The fraction trapped on the filter is very thinlt&is have been analysed by Environmental
Scanning Electron Spectroscopy, in order to haaditative information of material trapped
on the filter. Only crystalline structure can besetved and the elemental analysis allows
identifying chloride salts as the major particulatenponent. Such analyses were performed
by Jenseret al. ** and they assumed that the main part of colloidaienial above 0.40pm

was different and characterised by clay minerath wihigh content of Si.
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This evaluation shows that the impact of filtratimm landfill leachates is element dependent.
No treatment is thus required when the aim is thierdhination of metal concentrations in
landfill leachates.

[1.3.4 Applicability of the methodology to assess metal atamination in a landfill
leachate

In order to apply the developed methodological apph, L.F.1 has been monitored
seasonally during 14 months (2004-2005). Five sammptampaigns were performed on
12/10/2004, 25/04/2005, 11/07/2005, 22/09/2005 @é«12/2005. Leachates samples were
analysed for metals and metalloids using the preshjovalidated protocol and following the
described guidelines Metal and metalloid (Se, @&d,&u, Sb, As, Zn, Sn, Mn, Cr, Fe, Sr, Al)
concentrations are given in Figute3.1 in pg/L.

Complementary determinations of hydrological partamsewere performed on leachates from
L.F.1 such as pH, Total Organic Carbon (TOC), laoig Carbon (IC), major cations and
anions (Tablél.3.4).

Tablell.3.4 General composition of leachates from L.F.1

Rain Temperature TOC IC Na K* Cl SO” NO; Br PO, F

PH (mm) (°C) (mgC/L) (mgC/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)

12-oct-04 8.5 70 18.4 812 1090 1482 745 1300 441 n.d. 4.6 7.6 14
25-avr-05 7.5 197 10.3 694 301 290 282 224 192 128 0.8 4.2 0.4
11-juil-05 8.4 76 20.0 1865 1023 859 862 927 179 5.6 3.0 206 0.4
22-sept-05 8.1 158 175 1757 981 831 738 954 286 1.8 29 224 0.5
06-déc-05 7.1 227 6.6 632 220 208 138 144 338 nd. nd. nd. nd

11.3.4.1 ldentification of metal contaminants

In terms of legislation, landfill leachates are cemed by the European directive
(1999/31/CE) and by the French decree (09/09/188Avaste landfilling. The total amount
of Pb, Cu, Cr, Ni, Zn, Mn, Sn, Cd, Hg, Fe and Alsnhoot reach the limit fixed at 15mg/L,
which is the case for the all five sampling periobigleed, the total concentration of these
elements varies between 2.60mg/L (22/09/2005) agdntg/L (12/10/2004)). Nevertheless,
this limit does not reflect any potential risk besa it only gives an indication of the global

metal load. For Cd, Pb, and As which are mentioimethe regulation, the concentrations
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measured are lower than the regulated threshold@Q@dmg/L, Pb: 0.5 mg/L, As: 0.1 mg/L)
for the five campaigns. The important variationserved over one year suggest that an
integrated monitoring must be performed combiningnthly sampling and intensive daily

study to better reflect the real impact of totataheontent in this type of complex effluent.

100
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0,01 ~

10000

1000 +

100 -
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10 4

Al

W 12/10/2004 m 25/04/2005 0 11/07/2005 22/09/2005 0 06/12/2005

Figurell.3.1 Metal and metalloid composition (ug/L) oltehate from L.F.1 for the five sampling campaigns

In order to consider the environmental impacts lootianleachates, it is important to evaluate
concentration factors in relation to rain water amgyround water. Indeed, rain water highly
contributes to water balance whereas ground waarhbe polluted by landfill leachates.

Ranges of concentrations (ug/L) of our leachatepsesnare compared (Table3.5) to rain

water and ground water ranges or mean concentstieand to leachates concentratiGhs
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For all the elements that have been previously aredsthe concentrations in leachates from
L.F.1 are within the range of values reviewed byiBet al.** (Tablell.3.5). Different groups

of elements appear by comparing metals and medallobncentrations with rain water
amounts and ground water amounts. First, Cd i@tihe element for which the concentration
in leachate is within the range of rain water. As®l group composed of Se, Pb, Cu, Zn, Mn,
and Al is characterised by concentrations with samnters of magnitude as those found in
ground water. For these elements, the contaminatioteachate can be stated as not
significantly important. A last group is composddsix elements: Sh, As, Sn, Cr, Fe and Sr.
The concentration factors of these elements relateground water vary from 2 for Sr, to
more than 100 for Sn and Cr. The contamination fsoich metals in this leachate can thus be
relatively significant. Some chemical forms of A8, Cr, Sb are also especially recognised as
toxic substances (arsenite, tributyftfn..). The chemical efficiency of leachate treatmeas h
to be carefully checked for such metals and astaticompounds to avoid any pollution of

the environment.

Tablell.3.5 Orders of magnitude of metal and metalloidgg/L in leachates from L.F.1 compared to litarat

data for rain water, ground water and leachate

Concentrations range (ng/L)

Leachate Rain water  Ground-water Leachate
Flement This s'.[udy Reimanet al.” Baunet al.?*
(5 campaigns)

Se 02-2.2 0.5 0.01-438 no data
Cd 0.1-0.3 0.02-0.3 0.002-5.5 0.02 - 130
Pb 0.8-11.0 01-14 0.03-44 0.5-1500
Cu 3.9-19 02-1.8 0.4 - 1332 0.5-1300
Sb 2.1-17 0.03-0.4 0.2-0.8 no data
As 8.0-77 0.05-0.2 0.03-11 0.5-130
Zn 26 - 135 25-14 0.5-1324 0.05 - 7200
Sn 11.3-355 no data 0.01-23 no data
Mn 540 - 1213 05-6 0.1-2975 10 - 23200
Cr 39-703 0.2-0.2 0.1-59 0.5-1300
Fe 1011 - 3225 10 5-323 80-2100000
Sr 1397 - 4316 0.10-0.4 0.9-1871 no data
Al 108 - 1184 09-9 2 - 2537 no data
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11.3.4.2 Interpretation with hydrological data

Some general trends stand out from metal conc@riratonitoring during one year. Different
groups of elements can be identified by taking iatwount similar evolutions of metal
concentrations.

The major group is composed of Se, Sh, As, Zn,f8inGx. The evolution of these elements is
characterised by two low concentrations in ApriD2@and December 2005, just after the two
rainiest periods. This general trend is the sameirforganic carbon, sodium, potassium,
chloride, bromide and pH. Chloride is usually enypld as a conservative compound in
hydrological studies such as in landfill leachalene<. The linear dependence .81,
p<0.01, STATBOX Bravais Pearson test) of chloridaaentration with wet deposition can
be thus simply explained by leachate dilution bypwater. The linear relationship between
pH and precipitations (R0.92, p<0.01) can be explained similarly by the-diffierence
between rain water (5.5) and leachate (8.5). Limegression coefficients fRrange from
0.54 (p=0.059) for Sb to 0.90 (p<0.01) for Se, 8d &r with wet deposition. This statistical
data is an indication of co-variation of these risetand metalloids which is mainly due to the
physical dilution of leachates by rainwater (mirayv&potranspiration). The strong influence
of wet deposition on leachate general compositutygico-chemical parameters) was already
studied®* % ?° The only work which focuses on metal composititescribes a similar
influence on metal compositiGh

Sr, Al, Cd and Pb do not present exactly the savmo&igon as the first group. The three first
campaigns follow the same evolution with a decrdakb@wed by an increase but the two last
campaigns present different evolutions. These aigsnare thus not only controlled by the
dilution with rainwater.

The three last elements are Cu, Fe and Mn. Fotheéuyest linear regression is obtained with
sulphate (B=0.95, p<0.01, without the data from 22/09/2005hlyOnitrate is found to be
correlated to Mn with a regression coefficient 08@® (p<0.01). As for Mn, Fe presents a
singular profile and is not particularly correlaténl any elements or parameters. These
elements are thus not only physically controlletddso in interaction with the waste system.
Chemical or microbiological processes can be cemetl Indeed bacteria respiration uses
first oxygen but when the system becomes anaerother electron acceptors such as3zNO
Mn, Fe and S@ are used. Christensest al. 2 had also highlighted the simultaneous
occurrence of different redox zones in landfilesitwith the predominant role of these four
electron acceptors for microbial communities (metgens, SEF-reducers, Fe-reducers,
Mn-reducers and denitrifiers).
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[1.4. Conclusion

This study has lead to the determination of sonsemenendations for leachate processing
adapted to total metal analyses. Leachates have poeserved from aeration by avoiding any
head-space above the liquid in sampling bottlese@ally if redox sensitive species are of
interest. Just after sampling, leachates can Insferared in low volume vials for subsequent
single analysis (one analysis = one vial). Leachaten be stored at +4°C and -20°C,
especially if analysis can not be performed rapitlgndfill leachate sampling strategy has
been validated through the development of the ktboy reference material (LRM). The
relevance of this landfill leachate reference makes complementary to the use of certified
reference materials to perform a comprehensiveitguabntrol of metal and metalloid
analyses in these complex matrices.

The applicability of this complete methodology heen achieved by the evaluation of metal
contamination in a landfill site. The comparison roétallic composition between landfill
leachates and biogeochemical background is propasea way to underline the possible
contaminants and to avoid misinterpretation assediaith different levels of concentration.

In the studied landfill, the more significantly camtrated elements are As, Sn, Sb and Cr.
These elements are also characterised by chenpeales with large differences of toxicity
and bio-availability. The analyses of these elemémtterms of chemical speciation appear
now to be a necessity to have a more precise eéw@iuaf environmental impacts related to

these effluents.
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Ce chapitre a fait apparaitre l'importance de Idinition de protocoles analytique

S

spécifiguement adaptés aux lixiviats de CSD afiasdlurer la représentativité des résultats

d'analyse des métaux et métalloides. De plus, qetmiére étape a permis de mettre
évidence la présence de deux éléments, en contiemsraelativement importantes, qui sq
susceptibles de poser probleme en raison de leactéae toxique : I'arsenic et I'étain. Pg
ces éléments, qui font I'objet d’'une étude apprdfendans la suite de ces travaux,
démarche mise en ceuvre est identique. Tout d’abesafforts sont concentrés sur la mise
place de protocoles analytiqgues spécifiquementtédag leur spéciation dans les lixivig

Dans un second temps, le travail consiste a exam@ealevenir de leurs composés

l'intérieur et a I'extérieur du systeme constita [es déchets, les lixiviats et les biogaz.

en

nt

ur
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ll. Spéciation et devenir de l'arsenic dans les lixivia et les
biogaz de CSD

Dans les déchets ménagers, les sources de I'arsenicmajoritairement les verres et les
formulations métalliques. Au cours de leur dégraaatl’arsenic peut étre mobilisé dans les
lixiviats et les biogaz. Le but de ce chapitre égdapprofondir les connaissances des formes
chimiques sous lesquelles I'arsenic est présert des effluents, et des processus associés.
Avant de s’intéresser au devenir de I'arsenic dassleux compartiments, il a été nécessaire
de mettre en place une méthode d’analyse de sipécid¢ I'arsenic dans les lixiviats. Le
choix s’est porté sur une séparation par chromapdge en phase liquide par échange de
cations (colonne Hamilton PRP-X200) suivie d'unalgse par spectrométrie de masse a
plasma induit (ICPMS). Les conditions chromatogrgpés sont optimisées afin de réaliser
simultanément la séparation d’'un maximum d’espéé@senic. Finalement, aux six especes
quantifiées (Aslll, AsV, MMA, DMA, TMAS et AsB), s’'ajoutent deux autres espéces dont
les pics se superposent en partie (TMAO et AsC)critére important pour I'évaluation du
protocole de préparation des échantillons est Esegwwation des especes couplée a la
minimisation des effets de matrice. La validatiom IBtape d’analyse de spéciation est
réalisée par l'utilisation d’un matériau de réfaercertifié et par la confrontation de deux
méthodes de quantification (étalonnage externgoettsadosés). La simplicité de mise en
ceuvre et la robustesse de ce protocole permetenggplication au suivi des espéces de
larsenic dans les lixiviats des deux sites d’étuBa complément, les espéces volatiles
d’arsenic ont été analysées dans les biogaz aunmig/éa technique de chromatographie en
phase gazeuse avec piege cryogénique couplée '&CPMpartir du bilan sur les espéces
susceptibles d’étre présentes dans les déchetsyoies possibles de formation et de

mobilisation des espéces de 'arsenic dans legesffs sont évaluées.
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I1.1. Analyse de spéciation de l'arsenic dans les lixiviea de centres de
stockage de déchets

Article soumis a Water Research

Speciation analysis of arsenic in landfill leachate

Marie Ponthieu(a,b), Pauline Pinel-Raffaitin(a), Isbelle Le Hecho(a)*, Laurent Mazeas(b),

David Amouroux(a), Olivier F.X. Donard(a), Martine Potin-Gautier(a)

(a) Laboratoire de Chimie Analytique Bio-InorganiceteEnvironnement- CNRS UMR 5034, Université de PailestPays
de I'Adour, Avenue de I'Université, 64000 Pau, F@an
(b) CEMAGREF, Unité Hydrosystémes et Bioprocédés € BarTourvoie BP44, 92163 ANTONY Cedex, France

As environmental impacts of landfill last from beging of cell filling to many years after,
there is an increasing interest in monitoring ldhdéachate composition especially with
regards to metals and metalloids. High-Performamngeid Chromatography (HPLC) coupled
with Inductively Coupled Plasma Mass SpectrometyPMS) has been applied to the
speciation of arsenic in landfill leachates. Th#idalilty is related to the complexity and
heterogeneity of leachate matrices. A soft sammparation protocol with water-dilution and
filtration of leachates has proved to be sufficiéat the achievement of identification and
guantification of arsenic species without matriXeef. The cationic-exchange separation
method developed has enabled the detection ofrseni species (Aslll, MMA, AsV, DMA,
AsB, TMAO) in different landfill leachates. The vadrange of concentrations of arsenic
species (from 0.2 pg As™Lto 250 pg As [Y) and their repartition illustrate the high
variability of these effluents depending on theunatof the wastes, the landfill management,
the climatic conditions, the degradation phasenesg results provide new information about
the chemical composition of these effluents whghseful to better adapt their treatment and

to achieve the risk assessment of landfill manageéme
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I11.1.1 Introduction

Landfill leachates are mainly generated by excassmater percolating through the waste
layers. In the waste, combined physical, chemindl microbial processes transfer pollutants
from the waste material to the percolating watdrr{g€€ensen et al., 2001). Among metals and
metalloids present in wastes, arsenic concentraéaches 5 mg kgof dry waste, according
to the French Agency for the Environment and Endvignagement (ADEME). The main
origin of arsenic is glasses (79% of As preserhéwaste) and metallic components (12% of
As). In leachates the arsenic concentrations vignyfeeantly from one landfill to another, as
the global composition of landfill leachates is éegent on many factors such as the origin
and the age of wastes, the climatic conditionherdandfill management (Mahler et al., 2005;
Clement, 1995). Baun and Christensen (2003) reporicentrations of arsenic between
0.0005 to 1.6 mg L in landfill leachates from different countries.

Although arsenic is pointed out by the Europearu®ait Emission Register (2000/479/EC)
as one of the potential inorganic contaminant enlémdfill leachate, no study has investigated
the arsenic speciation in such matrix. Speciatibrargenic in environmental samples is
however very important as the physical and chempralperties, the toxicity and the
bioavailability are related to the chemical forriifie inorganic species, arsenite (Aslll) and
arsenate (AsV), are considered carcinogenic, wkettea toxicity of the organic species is
variable. TMAS (tetramethylarsonium ion), MMA (monomethylarsonacid), DMA
(dimethylarsinic acid) and TMAO (trimethylarsineid&) are less acutely toxic than inorganic
arsenic, whereas AsB (arsenobetaine) and AsC (@hkehne) are considered to be non-
toxic. For example, the lethal dose which causesdéath of 50% of a population of tested
mice (LD50) is 8 mg kg, 22 mg kg', 916 mg kg, 5500 mg kg for Aslil, AsV, MMA and
TMAO respectively (Craig, 1986; Hughes, 2002).

Speciation analysis of arsenic requires proper 8agpnd storage (Segura et al., 2002) and
the coupling of two techniques, a technique to sepathe different arsenic species and a
sensitive and specific mean of detection. The séjoar of the chemical forms of arsenic is
usually based on High-Performance Liquid Chromatplgy (HPLC). The ion-exchange
chromatography is the most extensively used tecienidollowing by ion-pair in reverse
mode chromatography. As detection mean, inductieelypled plasma mass spectrometry
(ICPMS) (B'Hymer and Caruso, 2004) and the hydnigmeration atomic fluorescence
spectrometry (HG-AFS) are the most frequently usetinique.

The challenge in arsenic speciation analysis liestlee chemical nature of the arsenic
compounds with different charges, pKa values, moécsizes and functional groups. The
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study of organic and inorganic species is usualgrfggmed by combining two
chromatographic mechanisms. Vilano et al. (2000ppse the use in parallel of anionic and
cationic exchange column to separate six arsemciap (Aslll, AsV, MMA, DMA, AsB and
AsC). In their separation on the cationic colunmme tesolution of Aslll, MMA and AsV
peaks is not achieved. Other studies combine amihcation exchange chromatography in
series or in column switching system (Terasahdd.e1996; Suner et al., 2001). Simon et al.
(2004) use a column combining strong anion exchasgd hydrophobic characteristics
associated to HG-AFS detection, allowing the sdfmaraof twelve arsenic species with a
single column.

A large variety of samples has been studied: wW@@undwater, fresh water and sea water),
sediment, fish, chicken, plant, body fluids (B'Hynaad Caruso, 2004; Guérin et al., 1999;
Gong et al., 2002). Nevertheless no study on arsgeciation in landfill leachate has been
performed despite the occurrence of arsenic inviaste. Landfill leachates are complex
matrix due to their high concentrations of saltd anganic matter so that an adaptation of
existing protocols is necessary.

The aim of the present study is to perform a séngeimvestigation regarding the occurrence
of arsenic compounds in the leachate of variousndfrelandfill sites. The first and
fundamental stage of this work is the analyticahmdtion of the protocol to the complex
matrices that are the leachates. The speciatiotyssmaof arsenic implies a soft sample
preparation to preserve arsenic species intedrtg.separation protocol using HPLC coupled
with ICPMS, allowing both the separation of sixeari& species and the identification of two
other less resolved species with a single cationiigmn, has been first optimized on standard

solution and then applied to various landfill |leaiss.

[11.1.2 Experimental

[11.1.2.1 Standard substances and chemicals
All reagents used are of analytical grade. 1000Ligrsenic stock solutions are prepared by
dissolving NaAsQ@ (Aldrich, 98%) for Aslll, NaHAsO,7H,O (Prolabo, >98%) for AsV,
CH3AsO(ONa)6H,O (Carlo Erba, >98%) for MMA and (GHAsO(ONa).3HO (Fluka,
>98%) for DMA in high quality ultrapure water froeMilliQ system (18N, Millipore).
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Arsenobetaine  (AsB), arsenocholine (AsC), trimadlgine oxide (TMAO),
tetramethylarsonium ion (TMA}were kindly donated by Professeur K.A. Francesdtarl-
Franzens University, Graz, Austria. All the arsesotutions are stored in the dark at 4°C.
The HPLC eluent is prepared by dissolving appra@r@ganounts of ammonium nitrate (Sigma
Aldrich, 99.5%) and ultrapure nitric acid (BakeQ%) in ultrapure water from a MilliQ

system.

111.1.2.2 Instrumentation

Total arsenic concentrations are measured wittfC&MS (Agilent, 7500ce) after microwave
digestion (Ethos, Milestone) of the sample (nitazd digestion) (Pinel-Raffaitin et al., 2006
Il p53).

The HPLC system consists of an Agilent 1100 gradsetvent delivery pump and a Hamilton
PRP-X200 cationic-exchange column protected by anil@n guard column, at room
temperature. The optimized elution program is preexe in Tablelll.1.1. The column is
conditioned with the mobile phase A for at leadtcurs before analysis. The outlet of the
column is connected to an ICPMS (Agilent, 7500d¢)e ICPMS settings are detailed in
Tablelll.1.1.

Tablelll.1.1 Instrumental settings and HPLC conditions
HPLC (Agilent 1100)
Cationic exchange column Hamilton PRP-X200 (25cfnIxmm)
Mobile phase - solution A : HNGtmmol L*
- solution B : HNQ 4mmol L + NH;NO; 20mmolL?

Injected volume 100pL

Flow rate 1 mL mift

pH solution A and B 2.5

Gradient elution - 0 to 2 min: 100% sol. A

-2.1t0 6.1 min: 20% sol. A and 80% sol. B
-6.2t017. 2 min : 100% sol. B
-17.3to 25 min : 100% sol. A

ICPMS (Agilent 7500ce)

Sampler/skimmer cones Ni

Power 1500 W

Nebulizer Micromist

Spray chamber Scott ; Temperature : 2°C
Nebulizer flow Ar:0.8-1.2 L min
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[11.1.2.3 Landfill leachate samples

[11.1.2.3.1 Landfill sites description

Leachates were sampled in three French landfilistlwieceive only municipal wastes. In the
first landfill, named hereafter as L.A, 200000 tasfswastes per year are disposed. The
second one, named hereafter L.B is small: 10008 tdrwastes per year are disposed. This
site is composed of three cells: the studied orseblegn filled from 1999 to 2003. The third
landfill, named hereafter L.C, receives 150000 tohsvastes per year and is composed of
seven cells. The*1cell has been filled from 1995 to 2000 (L.C1) aeach of the six
following cells has been filled during one yearGR.to L.C6).

Additionally, leachates from an experimental lalhdiL.D) testing different kind of waste
management have been sampled. The wastes usetdmvdromogenized before the filling
of the different experimental cells. Three cellgevimvestigated: a reference one without any
treatment, a biological pre-treatment cell withratfstep of waste degradation by composting

and a bioreactor cell with leachate recirculation.

[11.1.2.3.2 Sample collection

Concerning the sampling technique, no pumping @ieg and no perturbation of the outflow
is induced: leachates are simply collected at tkgemity of the leachate pipe and
immediately transported in 1L polyethylene bottidde-box. Then, leachates are transferred
in 5mL polypropylene vials and frozen at -20°C.

Sampling bottles and plastic ware throughout theskwwere all, before use, rinsed with a
detergent and warm water, then decontaminated wiitted (10%) nitric acid (Baker
Analyzed, 65%) and finally rinsed three times wittrapure water (Millipore 18I®). All
bottles are filled with ultrapure water and transpd to the landfill. One of the bottles is left

with pure water to constitute a “landfill blank”lfowing all the critical steps.

[11.1.2.3.3 Sample preparation

For total arsenic determination, leachates arestigleusing a closed microwave system. The
investigated protocol was presented elsewhere I(Riaktaitin et al., 2006).

For speciation analysis, the leachate samples iared with ultrapure water. The dilution
depends on total As concentration and on the ICRM&ing range which is comprised
between 0.25 and 20 pg As'l(the dilution factor varies between 5 and 40). dhede
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samples are then filtered through a 0.45um cekubasetate filter just before injection in the

HPLC system. 100uL aliquots of sample solutioniajected in the chromatographic system.

[11.1.3.1.4 Quantification

In order to give accurate results, quantitativelys®s are performed by external calibration
but also by standard addition to check any maffeceé Standard solution of TMAO is partly

degraded in DMA, its quantification is indicativEhe total arsenic concentration of each
digested sample is also quantified by these twdbrmedion methods. The tuna fish tissue
certified reference material BCR-627 is used fer\hlidation of the quantification of the two

species DMA and AsB for which it is certified.

I11.1.3 Results and discussion
[11.1.3.1 Optimization of the analytical method

[11.1.3.1.1 Separation of arsenic compounds

Analytical parameters of mobile phase were optichiice obtain the best resolution between
all peaks with the shorter analysis duration (Tdblé.1). The final elution gradient allows
the complete separation of six species in 25 mgqwiiéh a light peak overlap between Aslll
and MMA. Two others species (AsC and TMAO) haverbseparated from the six others but
their resolution is not achieved. A typical chroogabm of a standard solution with Aslll,
MMA, AsV, DMA, AsB, TMAs®, AsC and TMAO is presented Figuiel.1.
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Figurelll.1.1 In black, chromatogram of a standard soltat 10 pug As t of Aslll, MMA, AsV, DMA, AsB,
AsC and TMAO and at 5 pg As’lof TMAs"; in gray, chromatograms of AsC and TMAO injectegarately at
5pug As [*

On this chromatogram, AsC and TMAO are eluted togrein a broad peak. When they are
injected separately at lower concentration, (chtograms in gray), there is a lag between
their elutions. Retention times are 2.5, 2.9, 8.5, 9.5, 13.7, 15.2 and 15.7 minutes for AslIl,
MMA, AsV, DMA, AsB, TMAs*, AsC and TMAO respectively. This analysis is arai
because of the simultaneous separation of six apeid two others less resolved species on
a cationic-exchange column. AsC and TMAse positively charged, independently of pH,
which means that their cationic-exchange separasidanction of their ionic radius. For the
others species, the charge is pH-dependent: thay bea neutral, anionic, cationic or
zwitterionic. At pH 2.5, TMAO is positively chargeahd AsB is a zwitterion. Therefore, the
retention time of AsB is shorter than the one @ three cationic species. At this pH, Aslll,
DMA and MMA are neutral; thus the hydrophobic iateton with the column material
allows the separation. The case of AsV is morediilf to understand because this pH is
closer to the pKa value, so that the species égjinlibrium between a neutral and an anionic
species. The retention time expected should belasinm the one of Aslll. The longer
retention time of AsV could be attributed to intdrans between this compound and the

polymer of the column.
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111.1.3.1.2 Void volume determination

The void volume has been estimated by the compan$dslll and DMA retentions when
changing the concentration of the mobile phasehWhe injection of 100% of phase B
(HNO3 4mmol Lt + NH,;NO; 20mmol %), the retention time of the first specie (Aslbesb

not change whereas the retention time of the DMéreeses. The inorganic species is thus
eluted in the void volume corresponding to a retentime of 2.5min. The identification of
this species could then be controversial. Nevesdsebn the chromatograms presented in this
work, the peak with a retention time of 2.5 minlveié attributed to Aslll. In fact, it will be
assumed that all the other arsenic species shoakkmt a different charge and a different

molecular mass inducing stronger interactions Withstationary phase of the column.

111.1.3.1.3 Arsenic interferences

During HPLC—ICPMS runs, a number of isotopic mads@ge been monitored to evaluate
possible interferences at tfAs mass. The main interferencenal 75 is from the formation

of the polyatomic iorf°Ar**CI* resulting from the combination in the plasma afoar (from
plasma) and chloride (from samples). This occuremwinigh chloride matrix is present in the
samples, which is the case for landfill leachalé® monitoring of ‘Se and?Se is a way to
determine whether possibf8Ar*’CIl* formation occurs and whether changes in riite 75
signal are due to chloride interferences.

To investigate the time retention of chloride, aism chloride solution has been injected.
The elution of the chloride ion is monitored HEI'°0* at m/z 51. The retention time of
chloride is measured at 5.5 minutes, so the ctdgoigbk is completely separated from those

of the arsenic species.

[11.1.3.1.4 Analytical validation and performances

Only three reference materials certified for arsepecies exist: there are all fish tissues. The
analytical separation and quantification have bedidated using BCR-627 (certified for AsB
and DMA concentrations). Species are extracted fitemsample with a mixture of ultrapure
water and methanol. After ultrasonication and c¢krgation, samples are stored at 4°C until
analysis. The certified species are well quantifidndard addition): 2.3 + 0.2 pmolképr
DMA (certified value: 2.0 + 0.3 umol Ky and 50 + 4 pmol Kgfor AsB (certified value: 52

+ 3 pmol kg'). Because of the lack of liquid certified referermaterial, this validation only
concerns the analytical procedure and not the whadocol, as our samples are prepared

differently.
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Detection limits are calculated using the I.U.P.A(l@ternational Union of Pure and Applied
Chemistry) definition as three times the standardiation of noise level. Relative detection
limits vary between 11 ng As’Lfor DMA to 27 ng As L* for AsV. In terms of quantification

limits, it corresponds to a range between 36 ng¢.Aand 90 ng As t.
[11.1.3.2 Application to real landfill leachate matrix

[11.1.3.2.1 Achievement of arsenic speciation in leachate sampl

Due to their high organic matter content and thegh salt concentration, the applicability to
landfill leachate of the optimized separation i$ olovious and therefore it has to be checked.
The method application to a landfill leachate fraoA is illustrated by the chromatogram
Figurelll.1.2. Three defined peaks with similar retentiime to MMA (2.9 min), AsV (4.1
min) and DMA (6.9 min) have been identified. Fivéher little peaks appear on the
chromatogram, the first one corresponding to Agliéntion time (2.5 min) and the last one to
TMAO (15.7 min) retention time. The identificatiah this last compound has been achieved
by retention time comparison and checked by additibboth AsC and TMAO separately.
There are also three species with a retention tiatenatching with any of the standards. The
first one at 5.5 minutes corresponds to chloriderfarence. The two other species €futed

at 8.5 min and Xat 10.9 min) seem to be minor species but themtification is not already

achieved.
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Figurelll.1.2 Arsenic species separation in leachate ftoAusing the optimized conditions
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[11.1.3.2.2 Comparison of calibration methods: any matrix effec

To evaluate the possible matrix effects, the qéiaation of arsenic compounds is performed
by standard additions. The concentrations meashye@xternal calibration and standard
addition are presented in Tallé1.2. The results match very well. The slopestloé two
calibration methods are similar with less than 60fetative difference. For this sample, no
significant matrix effect interferes on the arsahispecies separation and quantification.
External calibration is then suitable for the qufes@tion of arsenic species, even if a
checking with standard addition is performed fazreaew sample.

Total arsenic concentration indicated in Tablel.2 has been previously determined by an
intercomparison work (Pinel-Raffaitin et al., 2006p53). Because two unidentified species
are not quantified and some species are probaltiyelued with these chromatographic
conditions, there is a 10% difference between thma sf arsenical species and total arsenic
measured after digestion. The chromatographic tiongi permit thus to give a nearly

complete view of the arsenic composition.

Tablelll.1.2 Arsenic species concentrations and calibreslopes measured by external calibration (Eat.)C
and standard addition (Std. Add.) in leachate ftofadiluted in ultrapure water. Total As concenimat

previously determined (Pinel-Raffaitin et al., 200653).

Species Concentration (pg Ast) Calibration slope
Ext. Cal. Std. Add. Ext. Cal. Std. Add.
As lll 40+0.2 40+0.1 2.7E+04 2.5E+04
MMA 154 + 4 158 + 2 2.7E+04 2.6E+04
AsV 237 +2 233+3 2.7E+04 2.5E+04
DMA 136 +5 134 +2 2.7E+04 2.8E+04
Sum of As species 530+ 10 529+6
Ratio versus total As 92% 92%
Total As 578 £ 69

[11.1.3.2.3 Influence of sample pH on chromatographic separatio

The pH of the different leachate samples is ardurd8 while the pH of the mobile phase is
2.5. The impact of the elution solution pH has @dhecked on arsenic speciation. Same
samples have been diluted with ultrapure water waith the elution solution. Arsenic
speciation and quantification by external calilmathave been compared in the two cases.

The relative deviation between the concentratioeasured in the samples varies from 3% for
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DMA to 9% for Aslll which is the less concentratguecies. Considering the relative standard
deviation of external calibration (between 1% a@l, Gablelll.1.2), the difference between
the results obtained in the sample diluted withewand in the same sample diluted with
mobile phase (HN®4mmol LY is not significant. Consequently, landfill leaghalilution

can be performed with ultrapure water.

[11.1.3.3 Investigation of arsenic speciation in French landlfleachates

The particularity of the arsenic speciation metkedeloped specifically for landfill leachate
sample is its faculty to be carried out easilycleste is diluted with water and filtered before
the achievement of its speciation analysis withirgls injection on HPLC-ICPMS. The

objective is to assess if this method is suitabletlie routine analyses of landfill leachates

originating from different sites.

[11.1.3.3.1 Assessment of arsenic species repatrtition in ldrdéichates

The three chromatograms shown in Figuilel.3 are obtained from leachates from two
landfills L.B and L.C. The proposed protocol islyulelevant to describe the difference from
one sample to another in species repartition arahtification. Tablelll.1.3 presents the
arsenic distributions in a leachate from L.B sardple October 2004 and in leachates from
the six L.C landfill cells (LC1 to LC6) sampled duly 2005. These samples illustrate the
diversity of arsenic species distribution: for L(Aable lll.1.2), L.B, L.C2 and L.C5, the
predominant species are AsV and MMA, for L.C3 an@4, they are the two inorganic
species and for L.C1 and L.C6, the predominant ispeés TMAO. Considering
simultaneously the two most toxic species which Astll and AsV, their amount vary

between 20% to 98% of the sum of the arsenic specie
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Figurelll.1.3 Chromatograms of landfill leachates: (adbate from landfill L.B sampled in October 2004,
named hereafter L.B.; (b) leachate from landfilClsampled in July 2005 in the 1st cell (filled frd®95 to
2000), L.C1; (c) leachate from landfill L.C sampieduly 2005 in the 5th cell (filled from 20032004), L.C.5

Landfill leachates are concerned by the Europegetiive (1999/31/CE) and by the French
decree (09/09/1997) on waste landfilling which &§xée total arsenic concentration limit at
100pg L' for the effluent after treatment. All the studisdmples except L.A present
concentrations below this limit value. However, tiserved differences between the species
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repartition highlight the necessity of speciatiomalgsis for the risk assessment of these
leachates. More than that, the speciation analyams be a tool for a better adaptation of
landfill leachate treatment.

Tablelll.1.3 Examples of arsenic species distributioon@entration in pg Ast) in different landfill leachates
(Nd: not detected)

Concentration in pg As'tin leachate samples
L.B L.C.1 L.C.2 L.C.3 L.CA4 L.C5 L.C.6

Species

As Il 0.3+0.1 0.8+0.1 1.4+0.1 1.9+0.1 4.4+04 3.4+15 0.2+0.1
MMA  23.2+0.7 0.5+0.1 4.1+0.3 0.5+0.1 0.2+#0.1 6.1+1.3 0.2+0.1
AsV  20.9+0.1 1.9+0.2 5.1+0.5 2.7+0.1 5.6+1.1 16.7+0.1 0.9+0.7

DMA 8.6+0.5 0.6+0.1 3.3+0.4 0.3+0.1 Nd 2.0+0.6 0.6%0.1
AsB Nd Nd Nd Nd Nd 2.3+0.9 Nd
TMAO 2.240.1 10.5#0.7 0.940.1 Nd Nd 0.84#.1 2.9+0.5
> As species  55.1+0.1 14.3+0.5 14.8+0.2 5.6+0.2 10.2+0.7 30.9+1.8 4.9+0.5
Ratio vs total As 71% 46% 42% 30% 60% 46% 94%

Total As 77.4+0.5 31.4+0.4 35.3+0.1 18.9+0.7 16.8+0 67.6+1.7 5.2+0.5

[11.1.3.3.2 Assessment of arsenic species repartition in |#rdéichates

Landfill cells are complex anaerobic systems inahtonditions of reduction reactions and
methylation are gathered. Nevertheless, before lgagnthe leachates are aerated in the
leachate drains so that the species could be @xidizhe samples show a high diversity of
species: reduced, methylated and oxidized spedies. occurrence of the most reduced
species (Aslll) can indicate that the leachatet&éble enough and the speciation is not
completely modified during the leachate draining aampling. The presence of methylated
species could indicate that all the conditions liawmethylation are gathered in landfill
systems. Some works on landfill biogases have @dyredserved methylated compounds in
the gaseous phase, indicating the possibility chguthenomenon in these complex reactors
that are landfills (Feldmann and Hirner, 1995; ldir2003; Pinel et al., 2005).

[11.1.3.3.3 Assessment of arsenic species repartition in |#rdéichates

The study of the experimental landfill (L.D) allowise evaluation of the impact of waste
management on arsenic speciation in the landélthate. Arsenic speciation chromatograms
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of leachates originating from the experimental fdh(L.D) are presented Figurtl.1.4((a)

reference cell, (b) biological pre-treatment o), bioreactor cell).
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Figurelll.1.4 Chromatograms of leachates from the expenial landfill: (a) reference cell, (b) pre-treatthe

cell, (c) bioreactor cell
Inorganic (Aslll and AsV) as well as organic spsc(®MA, DMA, AsB and TMAO) are

present in the three leachates but in differenpgrions. The presence of arsenobetaine
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(AsB), generally predominant species in marine oigyas, in the leachates can be due to the
disposal of marine biological wastes (algae, fish)he cells, as the investigated site is in a
coastal area. This species is known to be non .t@he arsenic species distributions in the
reference and in the biological pre-treatment caltsrelatively closed. The main difference is
observed in the leachate from the bioreactor cél whe presence of arsenobetaine as the
dominant species. With this first observation apaet of the waste management on arsenic
speciation can be envisaged. As a preliminary ewgbian, the leachate recirculation can
enhance biological activity and then can favor degradation of complex organic arsenic
species (perhaps arsenosugars or arsenoproteinffleobiotransformation of inorganic
species, until AsB formation. AsB is rather stadhel is supposed to be the end-product of a
series of degradations as it has already been stgghm marine environment (Francesconi et
al., 1994). Nevertheless, with the available expental data, and the coastal properties of the
wastes, a simple leaching of the AsB induced by ldazhates recirculation can not be

excluded.

I11.1.4 Conclusions

This study has lead to the development of an arsgpeciation method adapted to landfill
leachates. The chromatographic conditions provite geparation of six arsenic species
within 25 minutes and the identification of two eth which are not completely resolved.
Despite the high complexity of leachate matrix, matrix effect has been pointed out. The
applicability of the analytical protocol has beaiaved by the evaluation of arsenic species
distributions in several landfill leachates. The@&leped method has the advantages to require
a soft and rapid sample preparation and to enaiil@nwa single analysis the repartition
determination of the most environmentally signifitarsenic species. The recovery of most
of the total arsenic content is obtained for soeaehates. The results show the wide diversity
of arsenic speciation depending on the nature afteyand landfill management. This first
screening of arsenic speciation in leachates lgptdi the presence of both inorganic and
organic species in different proportions. These eolsions induce differences of
environmental and sanitary impacts related to teffgents and are relevant for the choice of
leachate treatment protocol.
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I11.2. Devenir des especes inorganiques et organiques tirdenic dans les
lixiviats et les biogaz de centres de stockage déathets

Article en cours de soumission

Distribution and fate of inorganic and organic arsaic species in landfill

leachates and biogases

P. Pinel-Raffaitin, |I. Le Hecho*, D. Amouroux, M. Potin-Gautier

Laboratoire de Chimie Analytique Bio-InorganiqueEgtvironnement- CNRS UMR 5034, Université de PaweetRays de

I’Adour, Avenue de I'Université, 64000 Pau, France

The potential landfill release of arsenic, whiclomge of the most environmentally problematic
elements, requires a special attention with inéngaglobal municipal solid waste production.
The determination of arsenic species in both le@shand biogases has been performed in
this work to achieve the fate of arsenic in landfoth inorganic and methylated arsenic
species occur in leachates with concentrationsinvgrirom 0.1pg(As)l* to 80pg(As)L™.
These species are representative of the leachsgé@iarcomposition as the mean recovery
obtained for the speciation analyses is 67% ofttii@l arsenic determined in elementary
analyses. In biogases, both methylated and etlylatgatile arsenic species have been
identified and semi-quantified (0-15ug(Asfim The landfill monitoring has emphasized close
relationships between the concentrations of matie-and tri-methylated arsenic compounds
in leachates. Biomethylation pathway has thus Ipeposed as a source of these methylated
compounds in the leachates from the waste arsetich is supposed to be in major part
under inorganic forms. In addition, peralkylatiorechanisms of both biomethylation and
bioethylation have been suggested to explain tlearoence of the identified volatile species.
This combined speciation approach provides a @it and quantitative characterization of

the potential emissions of arsenic from domestistevdisposal in landfill.
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111.2.1 Introduction

Even though municipal solid waste (MSW) disposalandfill is one of the most common
waste management pathway throughout the worlghotsntial release of major contaminants
such as arsenic in both atmosphere and aquaticysteoss is not documented. As a
comparison, the incineration arsenic global emrs&mothe atmosphere was 87 tons per year
in the mid 1990’s and the corresponding emissiatofavas ranging between 1.1 and 2.8 g of
arsenic per tons of incinerated MSW (Pacyna angriza001) (Nriagu and Pacyna, 1988).
With the increasing global waste production and wedl-known toxicity of arsenic, this
potential diffuse source of arsenic in the envirenins gaining importance. Our recent work
has pointed out arsenic as a main leachate corsatmamong metals and metalloids (Pinel-
Raffaitin et al. 2006l p53). Furthermore, simulated arsenic leachinglists (Ghosh et al.,
2006) have to be completed with speciation analysieseal samples to improve the
understanding of arsenic fate in landfill.

Taking into account the main anthropogenic usearsénic, its sources in municipal solid
waste are supposed to be glasses, metallic comisoaed agricultural products (Mandal and
Suzuki, 2002; Bissen and Frimmel, 2003). Accorditog the French Agency for the
Environment and Energy Management, the total atseancentration in municipal solid
wastes reaches 5 mg k@f dry waste (ADEME, 1993). The information comiag the
characterization of arsenic forms in MSW is scaloeglasses, arsenic acid (acid form of
arsenate, AsV) is nowadays preferred to arsenixitte (A$Os3) (Loebenstein, 1994). In
metallic components (alloy, semi-conductors), arses supposed to be under inorganic
forms such as GaAs (Carter et al., 2003). Arsengigcaltural applications include wood
preservatives, herbicides and insecticides, in wvhisenic can be under different forms such
as inorganic arsenic or mono- and di-methylateccispe(Loebenstein, 1994; Mandal and
Suzuki, 2002).

Complex physical, chemical and biological processdsract in landfill during waste
degradation. As well as other metals and metallcagisenic can potentially be transferred
from the waste to leachates and biogases. In tiséewaass, the presence of microorganisms
combined to reducing conditions enhances the patettansformation of arsenic by
bioalkylation or hydride generation pathways (Mikeaet al., 2000; Hirner, 2003). More
particularly, the Challenger’'s biomethylation megisan still remains topical nowadays in
order to explain the formation of methylated compasifrom inorganic arsenic by combining

reactions of reduction and methylation (Craig, 1)98bhe potential pathways of these
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microbial processes have been widely studied (Guded Reimer, 1989; Bentley and
Chasteen, 2002). The difference of toxicity betwdenmethylated forms in comparison with
the inorganic forms in both liquid and gaseous phasnains significant. The lethal dose
which causes the death of 50% of a populationsiétemice (LB) is as low as 8 mg Kgfor
arsenite (Aslll) and rises up to 5500 mg'Kgr trimethylarsine oxide (TMAO) (Hughes,
2002). Similarly, LR, tremendously decreases from 20000 rigfar trimethylarsine down
to 5-45 mg L* for arsine (AsH) (Planer-Friedrich et al., 2006). Such observatiave
suggested that biomethylation of arsenic can bes thonsidered as a detoxification
mechanism (Bentley and Chasteen, 2002).

Both liquid and gaseous arsenic species deterroimatappear to be necessary for the
assessment of environmental and sanitary impactsmaffill. Even if arsenic speciation
analysis in liquid samples has been widely stufiecexample in waters (Bohari et al., 2001;
Bednar et al., 2004) and in wastewaters (Seguaf,e2002; Yu et al., 2003), it is noteworthy
that no data upon arsenic species occurrence dfilldeachates is available, to the best of
our knowledge. In opposition, some works have dlyegeported the occurrence of some
volatile arsenic species in landfill biogases (Retin and Hirner, 1995; Hirner, 2003) such

as hydride, methylated and ethylated forms.

This work is based on the specific developmentzrsénic speciation analyses in both landfill
leachates (Ponthieu et al. submittiéld] p76) and biogases (Feldmann et al. 1994 )elfable
analytical protocol for the determination of upeight arsenic species has been developed and
is applied for the leachate monitoring collectedtivo MSW Ilandfills. In addition, the
corresponding biogases are examined in terms d@tilolarsenic species composition. The
main objective of the present work is to proposssfile sources and pathways to explain the
occurrence of the identified species in landfiliednts. In this way, the results of arsenic
speciation analyses in both gaseous and liquidgshiasve been combined to outline the main
factors that influence the formation and the evoftutof the arsenic species. Finally, the
global emissions of arsenic related to waste daposlandfill have been evaluated in a risk

assessment point of view.
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I11.2.2 Material and methods

[1.2.2.1 Reagents

Ultrapure water was obtained from a MilliQ systel8NIQ2, Millipore). All reagents used are
of analytical grade. Nitric acid (70% Baker Ins&kaalysed) was used for the microwave
assisted extraction. Arsenite (Aslll), arsenate\MAsnonomethylarsonic acid (MMA) and
dimethylarsinic acid (DMA) were obtained respedivérom Aldrich (NaAsQ, 98%),
Prolabo (NaHAsO,7H,O, >98%), Carlo Erba (CiAsO(ONa)6H,O, >98%) and Fluka
((CH3),AsO(ONa).3HO, >98%). Arsenobetaine (AsB), arsenocholine (Asyethylarsine
oxide (TMAO), tetramethylarsonium ion (TMAswere kindly donated by Professeur K.A.
Francesconi (Karl-Franzens University, Graz, Aa3triElemental arsenic standard was
obtained from Analab (CCS-4). All the arsenic siolug are stored in the dark at 4°C. The
High-Performance Liquid Chromatography eluent igpared by dissolving appropriate
amounts of ammonium nitrate (Sigma Aldrich, 99.5%1 ultrapure nitric acid (Baker, 70%)

in ultrapure water from a MilliQ system.
[11.2.2.2 Sampling sites and procedures

[11.2.2.2.1 Landfill sites description

Leachates and biogases were sampled in two différeamnch landfills which receive only
municipal solid wastes (Tabl#.2.1).

The first landfill, named hereafter as L.A, recaiviE50000 tons of wastes per year and is
composed of seven cells. The 1st cell has beasdfilom 1995 to 2000 (named hereafter
LAY) and each of the three following cells has bekedfiduring one year until 2003 (named
hereafter LA, LA® and LAY). The second landfill, named hereafter as L.B, esn filled
with 10000 tons of wastes per year from 1999 ta2200

[11.2.2.2.2 Leachate sampling

In order to avoid the perturbation of the outfloar pumping was applied during sampling. In
this way, the leachates were simply collected at ¢ltremity of the leachate pipe and
immediately transported in 1L polyethylene botting ice-boxes. Then, the leachates were
transferred into 5mL polypropylene vials and froznr20°C until analysis. In all cases, the
sampling bottles and the plastic ware used througtios work were rinsed with detergent
and warm water, decontaminated with diluted (10%)cnacid and finally rinsed three times

with ultrapure water before use. All bottles waled with ultrapure water and transported to
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the landfill keeping one of the bottles filled witttrapure water during the whole sampling
and transportation in order to constitute the “fdhtdlank” (following all the subsequent
sample preparation steps).

Leachates samples were collected four times infilandA (10/01/2005; 04/07/2005;
08/12/2005; 29/05/2006) and five times in landfiB (12/10/2004; 25/04/2005; 11/07/2005;
22/09/2005; 06/12/2005). The corresponding leactsstmples are L& to LA for
10/01/2005, LAg to LA’ for 04/07/2005, LAc to LA for 08/12/2006, LA to LA”p for
29/05/2006 and LR LBg, LBc, LBp, LBE for the five campaigns in L.B (Tabld.2.1). For

all the analysed samples, the entire sample prbwe&® done in duplicate.

Tablelll.2.1 Presentation of the sampling campaignshenttvo landfills and the corresponding wet depositi

Landfill  Waste cells (filling Leachate and biogas sampling campaigns
period) 10/01/2005  04/07/2005  08/12/2005 29/05/2006
LA'(1995-2000) LA, LA'g LA BgA's, LA%
LA LAZ(2000-2001) LAZ, LA% LA BgA%, LA%
LA®(2001-2002) LA3, LA3% LA3: BgA%, LA%
LA*(2002-2003) LA%s LA% LA BgA’, LA%
"""""""""" Wet deposition (mm) 63 40 1589 Bl
12/10/2004 25/04/2005 11/07/2005 22/09/2005 06/12/2005
L.B. LB (1999-2002) LBA LBg BgBc LBc LBp LBe
"""""""""" Wet deposition (mm) 70 197 76 158 227

[11.2.2.2.3 Biogas sampling

The two sites are equipped with drain to colled #men flare the biogases. Biogases were
sampled at the drain’s bleed. Ten-litres Tedlarsbagre filled using a laboratory-made box
which provides a clean sampling as it is depresedrindirectly with a vacuum pump. After
collection, bags were placed immediately in th&kdaravoid photochemical degradations and
kept at room temperature until pre-concentrati@p.sEor each sampling campaign, the first
and the last samples were ambient air samplesetitkdhe landfill background.

One sampling campaign has been done on each side(T.2.1). For L.A, two Tedlar bags
were used for each of the four cells sampled (29@%): BgAp, BgA%p, BgA®s and BgAp.

For L.B, five Tedlar bags were filled on 11/07/20@%Bc).
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[11.2.2.2.4 Cryogenic pre-concentration of volatile species

Cryogenic pre-concentration was performed withinoRirs after the on-site collection. Each
Tedlar bag was directly connected to a cryogen&qgmncentration system via its valve
(Pécheyran et al., 1998). The aspiration flow fatethe gas pumping was fixed at 800 mL
min™. Gas samples were dried by passing through anyewshaped glass tube maintained
at -20°C (mixture of ice and acetone) before beaingpfocused at -80°C in glass wool

columns (i.d. 5mm, 17.5cm of length). This tempamatwas chosen to avoid the

condensation of both carbon dioxide (Boiling peet80°C) and methane (Boiling point = -

164°C), which represent 50-80% of the total biogastent. For each Tedlar bag, three
columns were used to pre-concentrate differentmeki of biogas (four and two litres). For

ambient air, the gas volume pre-concentrated wasA\8ker cryofocusing, the cryotraps were

closed with Teflon caps and immediately transfetced dry atmosphere cryogenic container.
Volatile arsenic species were extracted from leechamples from L.A (29/05/2006) using a
purge system connected to the previously cited gagic pre-concentration system. The
principle of the purge is described elsewhere (Aroox et al., 1998), although the apparatus
has been slightly modified (Pinel-Raffaitin etsibmitted]V.2 p134).

[11.2.2.3 Arsenic speciation analyses

[11.2.2.3.1 Dissolved arsenic species determination by HPLEMS analysis

The analytical method for the speciation analy$iareenic consists in the coupling of High-
Performance Liquid Chromatography (HPLC) to Indusly Coupled Plasma Mass
Spectrometry (ICPMS) (Agilent Technologies) (Poathiet al., submitted]l.1 p76). The
chromatographic conditions on a cationic exchangtunen (PRP-X200) provide the
separation of six arsenic species (Aslll, MMA, AIWIA, AsB, TMAs') within 25 minutes
and the identification of two others which are wompletely resolved (AsC and TMAO).
Despite the high complexity of leachate matrix,matrix effect has been pointed out. The
developed method has the advantages to requiré argb rapid sample preparation and to
enable within a single analysis the repartitioned®ination of the most environmentally

significant arsenic species.

[11.2.2.3.2 Dissolved total arsenic determination by ICPMS ss

To check the efficiency of arsenic speciation asialyin landfill leachates, total arsenic

concentrations are measured with an ICPMS (Agil€ethnologies) after nitric acid
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microwave digestion (Ethos, Milestone) of the samplhe investigated protocol was

presented elsewhere (Pinel-Raffaitin et al., 200853).

[11.2.2.3.3 Volatile arsenic species determination by CT-GCMIanalysis

The cryogenic trapping-gas chromatography (CT-G@¥tesn is detailed elsewhere
(Pécheyran et al., 1998). The volatile speciedtaamally flash desorbed from the cryotraps
into the chromatographic column (Chromosorb WHP8680mesh, 10% SP2100 Supelco)
maintained at -196°C with nitrogen, are subsequesliited and separated in the column
heated up to 250°C. This cryogenic trapping sysiemyphenated to an X series ICPMS
(Thermo Electron Corp).

The identification of arsenic volatile species (Bbkk)s, As(CHs)(CoHs),, As(CHs)2(C2Hs),
As(CHs)s, As(CHg).H) is performed following the methodology basedthe relationship
between the boiling point and the retention timeldmann and Hirner, 1995). The raise of
one alkyl group from one species to another, ldada correlation (logarithmic) between
retention time and boiling point. The boiling partalculated here for the identification of
these species are consistent with those cited lynmfaen and Hirner as reference boiling
points: 50-51°C for As(CkJs, 87°C for As(CH),(C;Hs), 140°C for As(GHs)s, and 35-37°C
for As(CHs).H (Tablelll.2.4).

The calibration method is based on the use of &ldeentrance plasma torch which provides
the simultaneous injection of liquid solutions ayases. In this way, liquid internal standard is
injected continuously during the analyses of the ggmples to check the sensitivity and the
stability of the ICPMS. For the quantification, agpus arsenic solutions are injected at
different concentrations with the same plasma dai. The detailed method has proved to
be efficient for a semi-quantification of the spgescwith less than 30% of error (Feldmann and
Cullen, 1997).

[11.2.3 Results and discussion
[11.2.3.1 Distribution and fate of arsenic species in landfieachates

[11.2.3.1.1 Occurrence of both inorganic and organic arsenie@ps

The results of the four campaigns in landfill L.Adathe five campaigns in landfill L.B are
summarised in the Tabléll.2.2 with the indication of the minimal and maxal
concentrations of each arsenic species detectib@ isamples. The investigation of more than

forty samples has highlighted the presence of ugxt@rsenic species. In addition to arsenite
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(Aslll) and arsenate (AsV), methylated arsenic sseevith the three substitution degrees
have been found in the leachates samples: monolastbgic acid (MMA), dimethylarsinic

acid (DMA), and trimethylarsine oxide (TMAO). Ins@ samples from L.A, arsenobetaine
(AsB) has also been detected. To our knowledge,theke results of arsenic species
occurrence in landfill leachates can not be contpapeany other study due to the lack of
available data. Our results can nevertheless bepamd to wastewater measurements.
According to the literature data upon wastewataty anorganic species (AsV and Aslll)

have been detected (Segura et al., 2002) (Yu,e2@03), without any report on the presence

of organoarsenic compounds.

Tablelll.2.2 Arsenic species concentrations (g (A3) In landfill leachates from L.A and L.B

Concentrations (ug (As) 1) for four campaigns (LA and five campaigns (LB)

LA Ap LA®Ap LA®Ap LA Ap LBae

Species (abbreviation) Mean min-max min-max  min-max min-max min-max

n =42 n=8 n=8 n=8 n=8 n =10

As(OH); (Aslll) 14 0.4-0.9 0.3-1.9 0.3-1.9 3.6-4.2 0.1-2.6
AsO(OH)CH;  (MMA) 6.5 0.4-105 0.1-4.3 0.5-3.2 0.2-28 2.9-23
AsO(OH) (AsV) 7.2 0.3-8.1 1.7-5.6 0.5-21 6.4-13 2.2-21
AsO(OH)(CH),  (DMA) 46 0.6-13.9 nd-3.6 nd-25 n.d -22 0.8-8.6
As*(CH3)sCH,COOH (AsB) 0.2 nd-07 nd-04 nd-05 n.d -0.6 n.d”

As'(OH)(CHy);  (TMAO) 5.7 0.3-82 nd-1.0 nd-0.3 n.d -2.0 0.5-2.4

> species (X) (mean) 41 8 14 42 24

total As (Y) (mean) 42 18 24 51 35

XIY (%) (mean) 74 45 52 81 69

n number of samples;n.d: not detected.

[11.2.3.1.2 Arsenic species concentrations

Landfill leachates from the two studied sites pnésequalitatively as well as quantitatively
diversified composition. As shown in Table2.2, the screening of the samples exhibits AsV
as the major species with a mean contribution ¢fo 2¥ the total arsenic. The second
predominant species is MMA with a mean contributiori5% of the total arsenic. Aslil and
AsB are always minor components (less than 5% eft¢ital arsenic). In the same way, the
contribution of TMAO to total arsenic is less tha®h, except for LA for which it is the
predominant species with more than 40% of the tas¢nic. The concentrations of the two
most toxic species which are Aslll and AsV varynir6.1 pg (As) [* to 4.2 pg (As) [* and
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from 0.3 pg (As) [* to 21 pg (As) L' respectively. These concentrations are higher than
those measured in wastewater, which are aroung@.&s) L* for Aslll and 5 ug (As) !

for AsV (Segura et al., 2002) (Yu et al., 2003).eTproportion of the inorganic species
relatively to the sum of the arsenic species ishlijigrariable (5% to 98%). The high
variability of this proportion and its related poti@al toxicity highlights the necessity of
arsenic composition assessment in landfill leachate

The mean recoveries of the speciation analysisomparison with the total arsenic are
ranging between 45% and 80% depending on the landli samples. Two main reasons can
be suggested. Firstly, during the speciation amglggme minor species are detected but still
remain unidentified. Secondly, some heavier speeaies probably not eluted from the
chromatographic column. The recovery average of &G%@ll the samples gives however
satisfaction, as most of the samples have beenifisagnly examined for the most

environmentally problematic arsenic species.

111.2.3.1.3 Seasonal evolution

The five sampling campaigns performed on landfiB lconstitute a seasonal monitoring of

the arsenic compounds in leachates.

12/10/2004  25/04/2005 11/07/2005 22/09/2005 06/12/2005
50 f f f f 100

45 4

35+

30 +

concentration (ug L)

20+

15 +

concentration (ug As L)
N
6]

CAs I

MMA + DMA +TMAO
BEEE AsV

—=— total As

LB,

Figurelll.2.1 Concentrations of arsenic species (Asll§\MAand methylated species) and total arsenic iffitke

seasonal campaigns on landfill L.B
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As shown Figurdll.2.1 with the representation of both total aiseand arsenic species
concentrations for the five campaigns, the seasaam@tions of the species follow the total
arsenic seasonal variation, except Aslll. The tataénic content variations are largely leaded
by the hydrological conditions especially wet depos (Pinel-Raffaitin et al., 2006] p53)

as shown Tabl#l.2.3 with the Bravais-Pearson correlation matrix

Tablelll.2.3 Bravais-Pearson correlation matrix for fhee sampling campaigns on landfill L.B (signifidan

correlation factors indicated in bold)

(n=5) Aslli MMA AsV DMA TMAO TotalAs Wetdeposition

Aslll 1.00 -0.005 -0.20 0.27 0.66 0.03 0.10
MMA 1.00 0.97 0.96 0.75 0.99 -0.79
AsV 1.00 0.88 0.60 0.95 -0.78
DMA 1.00 0.90 0.94 -0.67
TMAO 1.00 0.76 -0.50
Total As 1.00 -0.88
Wet deposition 1.00

The correlation factors which are indicated in bitligstrate close relationships between the
arsenic species. MMA, AsV and DMA concentrations aorrelated to the total arsenic
concentration. These three species are also ciatldiagether especially AsV with MMA and
MMA with DMA. For TMAO, the best correlation factq0.90, p<0.05) is obtained with
DMA. Aslll is not correlated to any arsenic speci€®r this species the maximum of
concentration occurs in the late summer periodufédll.2.1) which corresponds to the
highest reductive conditions within the landfilhi$ seasonal monitoring shows the influence
of the hydrological conditions in particular wetpdsition on the content of total arsenic. In
addition, a close relationship between the methyglaspecies concentrations has been
highlighted.

[11.2.3.1.4 Influence of waste degradation state

Taking into account the previous results, the stofiyhe four cells of the landfill L.A has
been focalised on the relationships between thecesdrations of the three methylated
species. The Figurdl.2.2 shows the correlations curves between MNDMA and TMAO

concentrations.
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Figurelll.2.2 Correlation curves between methylated specioncentrations in the leachates from landfil: L.
MMA versus DMA (a) and TMAO versus DMA (b).
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For all the samples originating from the four ceNdMA and DMA seem to co-vary. The
Bravais-Pearson correlation factor is 0.96 (p<0.8&) the linear regression factor?lRs
0.93. In addition, a significant Bravais-Pearsomredation factor is obtained between the
concentrations of DMA and TMAO (0.95, p<0.05) byckxling the data from the first cell
(LAY which presents a profile different from the thagker cells. This cell corresponds to the
oldest cell filling period from 1995 to 2000 (Tabld.2.1) and is characterized by an
advanced state of degradation with namely poorhkgac production. The low leachate
volume can thus lead to an enrichment of the spad@pending on their originating sources
and processes. For the three more recent celldyigieinterdependence of the methylated
arsenic species contents illustrate that in thet fitages of waste degradation the same factors

influence the arsenic composition.
[11.2.3.2 Distribution and fate of volatile arsenic species liandfill biogases

[11.2.3.2.1 Gaseous and dissolved volatile species

Five volatile arsenic species have been semi-diigthin the biogas samples originating from
the two sites (Tabldl.2.4). The most predominant species is trimedhgine (As(CH)s). The
concentration of As(CkJs is from 100 to 1000 times higher than the othexcsss, which are
As(CHg)oH, AS(CH)2(CoHs), As(CHs)(CoHs), and As(GHs)s. Taking into account the
occurrence of As(ChJ(C;Hs), and As(GHs)s, the presence of As(GHC.Hs), is expected
even if it has never been reported in environmestahples, to our knowledge. The
occurrence of As(Chs, As(CHs)(CoHs), As(GHs)s and As(CH),H has already been
reported by Feldmann and Hirner (Feldmann and IHirt@95).

Tablelll.2.4 Arsenic volatile species in landfill biogasfrom L.A and L.B and in landfill leachates fraumi

Volatile species (proposed) As(CHz)s  As(CHg)x(CoHs)  AS(CH)(CoHs),  As(CHs)s As(CHs),H
Calculated boiling point (°C) 58 86 114 134 36
Gaseous samples Ranges of concentration in ugAs)
BgA'p n.d. n.d. n.d. n.d. n.d.
BgA% 11.0-17.7 3.8165.210° 4.510°-8.9 10° 1.410° 0.510%-0.9 107
BgA%, 2.2-129 0.2181.910° 1.210-1.810° 0510 0.110-2.6 10°
BgA'p 13.7 5.5 16 14.9 107 n.d. 1.1 16
BgBc 1.6 10*- 3.0 10° n.d. n.d. n.d. n.d.
Ambient air (above landfill) n.d. n.d. n.d. n.d. n.d.

- 104 -



Spéciation et devenir de I'arsenic dans les lixs/it les biogaz

The mean total volatile arsenic concentrations atsag between 2 pg(As)and 14.5
1g(As)m?® correspond to a lower concentration range tharotteereported for sewage and
landfill biogases varying between 16 ug (Asf end 48 pg (As) M (Feldmann and Hirner,
1995). No volatile arsenic has been detected inambient air samples above the two
landfills. It is noteworthy that no biogas treatrhby flaring could induce in the surrounding
atmosphere significant diffuse emission of volagiteenic.

The analysis of the purges of landfill leachates revealed the absence of volatile arsenic
compounds dissolved in the aqueous phase, exc¢pti)s(C,Hs) which was found in LA
(0.70 + 0.03 pg (As) T of leachate). The absence of arsenic volatileispatissolved in the
landfill leachates illustrates the potential ovatesation of the gaseous phase in comparison
with the liquid phase.

[11.2.3.2.2 Influence of waste degradation state

The campaign on the landfill L.A allows the obseiwa of the composition at a specified
moment by fixing some parameters such as wastegearent, climatic conditions and waste
general composition. For the biogas correspondinthé most degraded waste, no volatile
arsenic species is detected (Tdbl€.4). In contrast, in the three most recent@lA?, LA®,
LA%, the biogas is enriched in arsenic volatile specivith concentrations reaching
15pg(As)n. This is consistent with the fact that the maximigmmentation gas production
is reached during the beginning of the exploitaiwdrthe landfill (Kjeldsen et al., 2002). It
seems that the first cell !Aas well as the one of L.B is in a most advancede sof

degradation, which is expressed by a poor volatim of arsenic species.

[11.2.3.3 Sources and pathways of arsenic species in lahéfilluents

The Tablelll.2.5 is a schematic representation of the tHeselfill compartments (waste,
leachate biogas) and their occurring arsenic spetissummarizes the possible sources and
processes that can be proposed for the understpofligffluent composition.

[11.2.3.3.1 Anthropogenic sources from waste leaching

Arsenic known pools in wastes are glasses, metbicponents and agricultural products in

which arsenic is mainly under inorganic forms amdiaor part under mono- or di-methylated
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forms. In addition some punctual sources of arsenidd be proposed. As an example, in
coastal area, as for landfill L.A, marine wastesldsupply arsenic, as the occurrence of AsB
especially in sea products such as algae, mollaisdsfish is well-attested (Francesconi and
Edmonds, 1994; Simon et al. 2004). The percolatmater can thus provide the transfer of
mainly AsV and perhaps Aslll and some organoarseonimpounds from the solid waste

material into the leachates.

[11.2.3.3.2 Methylation and ethylation as sources of newly featrapecies

The anthropogenic sources of arsenic are not geirffidor the explanation of all occurring
arsenic species. During the degradation, the wasss is under anaerobic conditions
(Kjeldsen et al., 2002, Hirner, 2003). Under thesgucing conditions, AsV can easily be
transformed into Aslll. Besides its important amdec activity, landfill gathers all the
conditions for the biomethylation of arsenic (Mittea et al., 2000, Hirner, 2003). The
correlations between the methylated species obdenvéhe two landfills (Tabléll.2.3 and
Figurelll.2.2) are consistent with successive biomethgtatteps. As indicated Table 5, the
proposed mechanism implies subsequent reductiqrs stier each methylation reactions.
Reduced intermediates such as Mar DMA" are highly unstable and can not be detected
with our analytical protocol. They are thus prolyatdadily converted to their oxidised form
before analysis (Gong et al., 2001). The successwaetions in liquid phase constitute a
“detoxification” chain from inorganic arsenic to D (Bentley and Chasteen, 2002) as the
toxicity of organoarsenicals decreases with theemsing substitution (Hughes 2002). In
leachates, peralkylation pathway seems to be nobo€ern as the tetramethylarsonium ion
has not been detected in our samples (Tdb2). In opposition, the predominance of
trimethylarsine (As(CH)s) in comparison to dimethylarsine (As(gbH) in landfill biogases
(Table 111.2.4) could mean that peralkylation is a majdiepomenon in gaseous phase
(Hirner, 2003). The observation of arsine and moetbwylarsine by decreasing the pre-
concentration temperature would probably confirrat tAs(CH)s is the most stable end-

product of the biomethylation pathway (Planer-Frigluet al., 2006).
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Tablelll.2.5 Propositions of sources and processeshi®arsenic occurrence in waste, leachate and biogas

WASTE LEACHATE BIOGAS
Species Sources Species Sources Processe Species Sources Processes
] AsO(OH) Waste Leaching
AsO(OH) Glasses, metallifumy. A o
. ' Leachate Oxidation
components; agriculturgl + i
As(OH) Waste Leaching
As(OH); products™= _
Leachate Reduction
] Waste Leaching As(CHy),(CoHs)s.x  Leachate Ethylation
AsO(OH),CH;z Agricultural product s AsO(OH)CH;3 o .
- Leachate Methylation > f Biogas
As(OH)CH; 4 Reduction v
Waste Leachin As(CHs);H Leachate Hydridation
AsO(OH)(CH), Agricultural productsy- \ASO(OH)(CH:,)z , 4— (Cro). Y
g Leachate Methylation
As(OH)(CI-bK‘ Reduction
T AS’(OH)(CHy); Leachate Methylation| As(CHy); Leachate Volatilization
. . Waste Leaching
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Marine wastél-'

Leachate Alkylation cycle
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In addition, as it was already reported by Feldmamad Hirner (Feldmann and Hirner, 1995),
bioethylation is also assumed to take place inflrtd explain the occurrence of volatile
ethyl- or methylethyl-arsenic compounds in our b®gamples (Tablél.2.4). As indicated

in Tablelll.2.5, the hypothesis is that these per-alkylaspécies are formed from liquid or
gaseous methylated species by reaction with an-étmor. In fact methyl-donor such as
halogenated compounds (Chen et al., 2006), fulvid d@umic acids or different
organometallic compounds could likewise be ethyta@ts under particular conditions. At the
laboratory scale, the formation of the mixed alkgthavolatile species has been observed in
incubations of micro-organisms grown on ethylarsesubstrates (Bentley and Chasteen,
2002). Another study has demonstrated that someiaevhich can make methanogenesis
have shown their capability of producing ethaneld@end Daniels, 1988). Similarly, some
bacteria which can methylate could be able to atkyihe arsenic species. But up to now, this
hypothesis has not been confirmed by any identiioaof microorganisms in charge of
bioethylation under simulated landfill conditions.

Biomethylation and bioethylation mechanisms in &ddi to waste leaching allow the
explanation of the occurrence of all identified @ps. In addition, it is worth stressing that
more complex bioalkylation cycle could to occur time waste mass generating other

organoarsenic compounds.

[11.2.3.4 Evaluation of potential emissions of arsenic compals from landfill leachates

and biogases

With a long-term approach, landfill constitutes theturn to natural environment of
anthropogenic wastes. In the case of arsenic, @stewdegradation seems to induce the
release of more environmentally friendly compourtdiswever, a special attention is required
to evaluate the potential emissions of arsenic ywed by this way of waste management
which is used all around the world.

Leachate and biogas average annual concentratfaine dwo landfills are used to evaluate
the potential emissions due to waste disposal kydainto account the annual volume of
leachates and biogases. The potential atmosphenissiens extrapolated to the total
municipal solid waste disposals in French landfijlse a quantity of 6 kg (As) year It
corresponds to 0.05% of the total atmospheric eamssof arsenic in France in 2004
(CITEPA, 2006). In the aquatic systems, the poatmmissions of arsenic related to french
municipal solid waste disposals, estimated in thisk, are around 10 kg (As) yé&afor

inorganic arsenic and 20 kg (As) yéafor methylated arsenic. As a comparison, the
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estimation of the global domestic waste water acsemissions is comprised between 3.10
and 8.16 kg (As) yeal" (Nriagu and Pacyna, 1989). According to our stutlg, input of
arsenic from waste disposals could be negligiblethe total mass balance of arsenic
emissions. However, MSW landfill can constitute #fude source of arsenic in the
environment and the removal efficiency of arsemant leachates and biogases during the

treatment require a special attention.
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La mise en ceuvre des protocoles d’analyse de $jpécie I'arsenic dans les lixiviats et |
biogaz a permis d’étudier le devenir des especEnates dans le systéme complexe cons
par les déchets, les lixiviats et les biogaz. SuFigurelll.2.3 sont indiquées les espec
majeures de l'arsenic retrouvées dans les lixijasll, AsV, MMA, DMA et TMAO) et
dans les biogaz (TMA). Par ailleurs, cette figuhastre les phénoménes qui ont été propd

pour expliquer la présence dans les deux effluedisne part la mobilisation a partir d

déchets (espéces inorganiques) et d’autre partethytation et la per-méthylation par vai

biologique (especes méthylées).

AsV : arséniate
AsIII: arsénite
MMA: acide monométhylarsonique
DMA: acide diméthylarsinique
TMAO: oxyde de triméthylarsine
TMA: triméthylarsine

Figurelll.2.3 : Représentation schématique d’'un CSD stmlecessus a I'origine de la présence des esgec

I'arsenic dans les lixiviats et les biogaz

s
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IV. Spéciation et devenir de I'étain dans les lixiviatgt les biogaz
de CSD

De nombreuses catégories de déchets ménagers pétreea I'origine de la présence d’étain
et en particulier de ses composés organiques aen€$D. Les deux sources majeures
peuvent étre : les objets métalliques (cannettassarves...) a l'origine de I'étain minéral, et
les formulations plastiques telles que le PVC,ileae ou le polyuréthane (emballages,
textiles...) qui contiennent des organoétains. Aurgale la dégradation des déchets, les
composeés de I'étain sont donc susceptibles d’étfeilisés dans les lixiviats et les biogaz. Le
but de ce chapitre est d’approfondir les connaissmsur les formes sous lesquelles I'étain est
présent dans les effluents, et les processusigitierde cette présence.

La mise en place d'une méthode d’analyse de sjd@tiales organoétains spécifiqguement
adaptée aux lixiviats fait I'objet de la premierrie de ce chapitre. Le développement de la
méthode au moyen du couplage de la chromatographihase gazeuse avec la spectrométrie
de masse a plasma induit est focalisé, a l'iss@ssdis préliminaires, sur les composés
meéthylés, éthylés et butylés. Les deux étapesque du protocole de préparation des
échantillons (I'extraction et la dérivation) soafiées qualitativement et quantitativement
en tenant compte de la complexité de la matriceligegats. L’'analyse est validée par une
approche multi-quantitative qui combine les métisodie calibration par étalonnage interne et
externe et la méthode de dilution isotopique au enoyl’especes butylées enrichies
isotopiquement. L’application de cette méthodologiesuivi des espéces organostanniques
dans les lixiviats est combinée a la caractéripaties espéces volatiles dans les biogaz au
moyen de la technique de chromatographie en plesmige avec piege cryogénique couplée
'ICPMS. La discussion porte sur I'évolution et des mécanismes de mobilisation et de

formation des espéces dans le massif des déchets.
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IV.1. Détermination par GC-ICPMS des composés organostamues dans
les lixiviats de centres de stockage de déchets aide d’espéces d'étain

iIsotopiqguement enrichies

Article accepté dans Journal of Analytical AtomjeStrometry

Determination of alkylated tin compounds in landfil leachates using
isotopically enriched tin species with GC-ICPMS dedction

P. Pinel-Raffaitin®, P. Rodriguez-Gonzalez®, M. Ponthieud®”, D. Amouroux®”, I. Le
Hechd®, L. Mazead”, O.F.X. Donard®, M. Potin-Gautier®

@ Laboratoire de Chimie Analytique Bio-InorganiqueEmvironnement- CNRS UMR 5034, Université de Pau
et des Pays de I'Adour, Hélioparc Pau Pyrénéesb848au Cedex9, France
®) CEMAGREF, Unité Hydrosystémes et Bioprocédés € BarTourvoie BP44, 92163 ANTONY Cedex, France

A method for the simultaneous determination of ryletied, ethylated and butylated tin
compounds in landfill leachates has been develapeithis work. The assessment of the
organotin compound composition has been achievethdyevelopment of a specific GC-
ICPMS protocol adapted to these complex matrichs.dnalytical procedure consists in three
major steps which have been carefully optimizedngaknto account the variety of alkyltin
compounds and the high organic content of the ktachatrix: nitric acid extraction under
microwave, derivatization using sodium tetrapropy#tte and chromatographic separation.
Different quantification approaches are proposedie determination of the alkyltin species
in the leachates. In this way, isotope dilutionlgses in the species-specific and species-
unspecific spiking modes have been found to provedelts in agreement with external and
internal calibration approaches. A single analysith an addition of three isotopically
enriched butyltin species is found to be suitalwe the routine quantitative and semi-
guantitative determination of all occurring alkglpecies in landfill leachates. The different
gualitative and quantitative GC-ICPMS complementapproaches developed in this work

allow the full organotin composition assessmenandfill leachates.
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IV.1.1 Introduction

Municipal solid wastes contain a great diversitychémical substances that can be released
during their management. Landfilling is the predoamt disposal pathway in Europe
producing two effluents (leachates and biogases)rttust be regularly monitored to evaluate
their environmental, sanitary and toxicological anfs. During their percolation through the
waste layers, landfill leachates are enriched gaoic and inorganic compounds by combined
physical, chemical and microbial processes. Themated characterization of landfill
leachates has been mainly focused on the occurrandedetermination of metals and
metalloids [1,2,3,4] whereas their chemical spemmaanalysis has been scarcely investigated
[5]. Total metal analysis is not able to provideomrmation about accumulation and toxicity of
a given element, therefore speciation analysisiggiastionably required to provide a specific,
reliable and complete understanding of the enviremtad impact of this kind of effluents.

The occurrence of organometallic compounds in ididéchates is due to the fact that many
wastes are composed of manufactured products inhwdriganometallic species are present
[6]. In particular, organotin compounds are usedaibroad range of applications such as
fungicides, pesticides, wood preservatives, PVCoildars or antifouling paints [7].
Moreover, their severe toxicity and their bioacclation potential have led to the control of
their levels in different environmental compartnse@ind have been regarded as priority
pollutants by the European Union both in the PaltitEmission Register (2000/479/EC) and
in the Water Framework Directive (2000/60/EC).

Both the environmental and the analytical reseancthe field of organotin compounds are
mainly restricted to butyltin compounds (partichydributyltin, TBT) due to their widespread
anthropogenic use and their persistence in thera@mwient [8,9,10,11]. However, the
microbiological degradation of wastes is a way obdoicing other organotin species by
methanogenic and fermentative processes. Methglbimpounds are the only organotin
species that can be naturally formed and have losstified in environmental samples such
as sediment, soils or rain water [12,13]. Moreowveethylation processes have already been
reported in waste water treatment plants [8,14] asslimed in landfill due to the presence of
methylated species in gaseous [15,16] and liquidsed [5]. In their study on European
landfill leachates, Mersiowskegt al. have detected mono- and dimethyltin in addition to
butylated and octylated tin species [5]. The secindy which has described the presence of
organotin compounds in landfill leachates, is dsmsed on methyltin, butyltin and octyltin

compounds in simulated landfills [17].
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The speciation analysis of organotin compounds bg Ghromatography (GC) coupled to
Inductively Coupled Plasma Mass Spectrometer (ICPM38] provides the possibility of
applying species-specific isotope dilution analysSSIDA) for quantification. This
calibration technique is not affected by the typemaors involved in the speciation analysis
and has already been widely applied for the detsatian of butyltin compounds in different
environmental matrices [7,9,10,11,18]. However,ntain limitation relies on the required
availability of all the species to be analysednnisotopically labelled form.

In general, the analysis of landfill leachate islgpfematic due to the complexity of its matrix
characterised by a high organic matter contentaahigh ionic strength level. However, in the
particular case of organotin compounds speciatlise problems become even more serious
due to the numerous species that may simultaneagslyr in a single leachate. The major
difficulty related to the screening of known andcknown species in complex matrices is the
accurate quantification of the species. In fact, ddequate natural abundance standards are
sometimes missing to perform conventional exteamal internal calibrations. As an example,
tripropyltin cannot be used as internal standardmwpropylation is applied for derivatisation.
In addition, SSIDA can not be performed for all #pecies due to the unavailability of the
required isotopically enriched species. The twdalistsl which have described the presence of
organotin compounds in landfill leachates are botbviding quantification of organotin
compounds by internal calibration with tripropyltjnsing ethylation for the derivatisation)

[5] or triethyltin (using propylation for the deatisation) [17].

In this work, the identification and quantificatiof nine different alkylated tin compounds in
real landfill leachates by GC-ICPMS has been acdisimgd for the first time. Different and
complementary quantification methodologies are ¢psed to overcome the limited
availability of natural abundance or isotopicallpriehed organotin standards. For this
purpose, a mixture of mono-di- and tributyltin ehed in the isotope 119 was employed not
only for the quantification of these three spetigsapplying SSIDA in the landfill leachates
but also as a suitable internal standard bothHergerformance of internal calibration (IC)
and a species-unspecific isotope dilution calibratiSUIDC). The objective of this work is
the assessment of reliable and complementary awllyirotocols adapted to these complex
matrices. In this way, quantification using extérealibration (EC) has been tested by
comparison with SSIDA for butyltin compounds andu€ing the'**Sn-enriched MBT as a
suitable internal standard. In addition, the efficiy of a species-unspecific isotope dilution
calibration (SUIDC) usind*°Sn-enriched MBT and**Sn-enriched DBT has been evaluated
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to quantify methyltin and ehtyltin species. Finalllge applicability of the developed method
has been illustrated with the determination of gpecies repartition in different landfill
leachates.

IV.1.2 Experimental

IV.1.2.1Reagents and materials

Ultrapure water was obtained from a MilliQ systet8NIQ2, Millipore USA). Analytical
reagent-grade isooctane, sodium hydroxide, glaaggtic acid and sodium acetate were
purchased from Sigma-Aldrich (Seelze, Germany)ritNicid (J.T.Baker, Instra-Analyzed
70%, Atlantic Labo, France) was used for the mi@weevassisted extraction. Hydrochloric
acid (J.T.Baker, Ultrex Il Ultrapure reagent 33-36%&s used in order to adjust the pH and to
break the emulsion after the liquid-liquid extraati Buffer solution of pH 5 was prepared by
dissolving sodium acetatgSigma-Aldrich) in ultrapure water and adjustinggbl 5 with
glacial acetic acid (Sigma-Aldrich). Sodium tetradiborate (NaBE) (purity 98%) and
sodium tetrapropylborate (NaBfr(purity 98%) were purchased from Galab (Geesthach
Germany). NaBEtand NaBPy solutions (0.5% w/v) in MilliQ water were preparedery 6
hours and stored in the dark at +4°C.

Monomethyltin chloride (MMTCI), dimethyltin chlor& (DMTCI), trimethyltin chloride
(TMTCI) and triethyltin chloride (TETCI) were obted from Strem Chemicals
(Newburyport, USA) and diethyltin chloride (DETOdPom Ventron (Karlsruhe, Germany).
Natural tributyltin chloride 96% (TBTCI), dibutyttichloride 97% (DBTCI) and monobutyltin
chloride 95% (MBTCI) were obtained from Sigma-Afldri Stock solutions of each species
were prepared by dissolving the different powdersliluted hydrochloric acid or in glacial
acetic acid with concentrations ranging from 1003mgL* to 1000 mg Sn tand stored at -
20°C in the dark. A mixture solution of all specis20pg L' in 1% hydrochloric acid was
daily prepared to perform external calibration vezer for SSIDA, IC and SUIDC, *&%sn-
enriched mixture of the three butyltin compoundscdied previously [18] was obtained

from ISC-Science (Gijon, Spain).

IV.1.2.2Instrumentation

An open focused vessel microwave oven Prolabo AB®ance) was used to carry out the
extraction of the samples. The analysis of the $esnwas performed by using a gas
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chromatograph Focus (Thermo Finnigan, Milan, ltadguipped with an automatic injector
and a capillary column Tr-5 from Thermo Finnigamai§Slose, CAL, USA) (cross-linked 5 %
diphenyl, 95% dimethyl siloxane, 30 m x 0.25 mm kd).25um coating) coupled to an X
series inductively coupled plasma mass spectron{étezrmo Electron Corp., Windsford,
UK) via the commercial available interface providedthe company. The silcosteel capillary
transfer line is inserted directly in a specifigaliefined torch. This instrumental configuration
enables the dual introduction of gaseous sampldslignid standard solutions. The liquid
nebulisation allows the optimization of the instemh performance and the measurement of
1215h233h for the correction of the mass-bias as welhasinstrumental signal drift during
the chromatographic runs. The temperature prog@misted in a linear gradient between 40
and 270 °C at 30 °C/min with 1 minute as initiadl &imal time and 1.5 mL/min as He carrier
gas flow. Depending on the concentration of theas) volumes of 1 or gL were injected
using in all cases a split/splitless injector wittmin splitless time at 250°C. The isotopes
measured for Sn were the 118, 119 and 120 usimgiegration time of 30 ms whereas 10 ms
of integration time was employed for the Sb isotop21 and 123.

IV.1.2.3Sampling

IV.1.2.3.1 Landfill sites description

Leachates were sampled in three different Frenoldfills which receive only municipal
wastes. A single leachate was sampled in thel&rstfill, named hereafter as L.A, in which
200000 tons of wastes per year are disposed. Tdomddandfill, named hereafter as L.B, has
been filled with 10000 tons of wastes per year fAdf9 to 2002. Three campaigns have been
realised in this site with the corresponding cdéldcleachates: LB1 (sampled in October
2004), LB2 (sampled in April 2005) and LB3 (samplied September 2005). The third
landfill, named hereafter as L.C, has received 08G0ns of wastes per year and is composed
of seven cells. The 1st cell has been filled frd#®3.to 2000 and each of the six following
cells has been filled during one year until 2006.1Land LC2 correspond to the leachates
sampled in cell 3 in January 2005 and to the ldashaampled in cell 4 in May 2006,

respectively.

IV.1.2.3.2 Sample collection

In order to avoid the perturbation of the outfloar pumping was applied during sampling. In
this way, the leachates were simply collected at ¢ltremity of the leachate pipe and
immediately transported in 1L polyethylene bottkng ice-boxes. Then, the leachates were
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transferred into 5mL polypropylene vials and froznr20°C until analysis. In all cases, the
sampling bottles and the plastic ware were rinsdath wdetergent and warm water,

decontaminated with concentrated nitric acid sotu{J.T.Baker, Analyzed, 70%) and finally
rinsed three times with ultrapure water (Millipadk8MQ) before use. All bottles were filled

with ultrapure water and transported to the lahdddeping one of the bottles filled with

ultrapure water during the whole sampling and fpanstion in order to constitute the
“landfill blank” (following all the subsequent saeoreparation steps).

IV.1.2.4Procedures

In order to decrease the matrix effects of theHates all samples were microwave assisted
extracted using nitric acid. For this purpose,rdguired volume of acid was directly added to
the 5 mL volume of leachate previously stored &°€to obtain a 20% concentration of
HNO; before carrying out the extraction. Then, the slige samples were adjusted to pH 5
[10] and the derivatisation was carried out aftex addition of NaBRrand isooctane by a
manual shaking of the vials. However, due to thes@nce of organic matter in the leachates,
the addition of hydrochloric acid and the centrédtign of the samples were necessary to
break the resulting emulsion before collecting dhganic phase. Finally, a volume between
100pL and 300uL of isooctane was collected ancedtar the dark at -20°C until the GC-
ICPMS determination. For SSIDA, IC and SUIDC, thixtore of ““MBT, *“DBT, **TBT
was added to the sample at the beginning of thepleapreparation and the amount of

enriched spike was carefully optimised accordintheorandom error propagation theory [19].

IV.1.3 Results and discussion
IV.1.3.1Determination of alkylated tin compounds in landfileachates

IV.1.3.1.1 Chromatographic separation of methyltin, ethyltirdebutyltin compounds

Using the chromatographic parameters described ealloe separation of eight organotin
compounds within 8 minutes could be achieved. Edurl.1 shows a typical GC-ICPMS
chromatogram of 10 pg (Sn)*Lstandard solutions for the isotope 118 using atfos
(Figure IV.1.1a) and propylation (Figur®/.1.1b) as derivatisation approaches. As can be
observed, ethylation does not lead to any gairemsisivity in comparison with propylation

but it provides a better chromatographic resolutidowever, propylation of the leachates
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was finally selected because NaBHEloes not provide a chromatographic resolution of
endogenous ethyltin species and their discriminatiom inorganic Sn (as all of them are
finally converted to tetraethyltin).

TET 600000

500000

400000

TeET DBT 300000

MBT TBT

signal intensity (cps)

200000

100000

DMT

0

200 250 300 350 400 450 500

time (s)

FigurelV.1.1 Chromatograms of standard mixture at 10$m) (" after ethylation (a) and propylation (b)

This is also demonstrated in Figuke1.2, which shows the GC-ICPMS chromatograms for
the isotope™'®Sn in a representative leachate sample from L.Bdammivatised with NaB&t
(Figure 2a) and NaBPRIr(Figure2b). As can be observed, six species wetected for the
propylated sample (MMT, DMT, TMT, MBT and two uniddied species names Sn3 and
Sn4) whereas only five were observed when usinglatbn as derivatisation procedure.
According to this, it is well demonstrated thatylation is required to obtain the maximum

information concerning the organotin distributiornthe leachates.
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FigurelV.1.2 Chromatograms of directly-derivatised leaehaB1 from landfill L.B with NaBE}(a) and
NaBPy, (b)

IV.1.3.1.2 Identification of the alkylated tin compounds indill leachates

The identification of the organotin species in sanples was subsequently performed by the
comparison of the retention times of the alkylfoesies occurring in the leachates with those
obtained in fortified samples. For this purposeldazhates were fortified with a 1 pg (S L
standard containing TMT, DMT, TET, MMT, DET MBT, OBand TBT. The GC-ICPMS
chromatograms of the fortified and the unfortifisdmples (FigurdV.1.3a and Figure
IV.1.3b) were compared in terms of the speciegnibn times. Using the chromatographic
conditions explained above, the retention timeshefpropylated species were found to be:
212+0.3 s for TMT, 270+0.1s for DMT, 308+0.2s foET, 324+0.2s for MMT, 331+0.2s for
DET, 393+0.3s for MBT, 413+0.3s for DBT and 4321#0fér TBT. As an example, Figure
IV.1.3 shows a GC-ICPMS chromatogram for the isetdfSn which illustrates the matching
of the retention times of the occurring speciesrépresentative leachate. Figuié.1.3a
corresponds to the extracted LB1 and Figlvel.3b corresponds to the same extracted
sample with the addition of the standard solutids.can be observed in Figure 3b there are
two peaks (Sn3 and Sn4) that, according to thentiete times, do not correspond to any
standard. In the case of Sn4, its identificatiomasganic tin is easily performed by injecting

inorganic tin standard solution. In addition Figivel.3c shows a GC-ICPMS chromatogram
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of the microwave extracted leachate L.A in which firesence of two unknown tin species
(Snl and Sn2) was also detected.
(a), (b)
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FigurelV.1.3 Chromatograms of microwave-extracted LBlirfdhlack) and this same sample fortified with

standard addition at 1 pug (Sn) (b, in grey), and microwave extracted L.A (c)
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TablelV.1.1 Identification of organotin species by theparison of the boiling points (Bp) estimated gdime
experimental chromatographic data and estimatedjube QSAR theory

Species Retention Chromatographic Proposed derivatised QSAR estimated Corresponding
time (s) estimated Bp (°C) species Bp (°C) identified species
Snl 244.0x0.2 148 +1 SnEtMePr 149 SnEtMe
Sn2 301.0+0.2 193+1 SnMeEtPs 192 SnMeEt
Sn3 353.0+0.3 233+1 SnEtPg 230 SnEt
Sn4 375.0+x0.3 2501 SnPy 248 Inorganic Sn

In order to identify such species, and following thethodology proposed in previous works
[15,20], it was assumed that the chromatographparsgion was only dependent on the
boiling point of the tin compounds. In this wayljreear relationship between the boiling point
and the retention time of standard solutions amdp$as was tested in this work obtaining a
correlation factor of R0.996. Therefore, a mathematic model (MpBpWin 41))
developed by EPA was then used to estimate thenfogoint (at 760 mm Hg) of the
proposed species. The boiling point estimation weklogy was based on the group
contribution QSAR method (quantitative structuréivaty relationship) that calculates the

boiling point of a given compound by adding gronprement values according to equation

[1]:

B,(°C) =—2736+1982+Xn, 3, [1]

whereg; is a group increment value andis the number of times that such group occurs in
the compound [21]. Tabl®/.1.1 shows the proposed alkyltin species and their bogwigts
obtained by this approach, named “QSAR estimated Bp”, iniaddid their matching with
boiling points estimated with the relationship between thinigopoint and the retention time
(“chromatographic estimated Bp”). As can be observed in the table, pleeireental and the
estimated values were good in agreement for the four species. Theredgreetie identified

as dimethylethyltin, methylethyltin, ethyltin and the expedtextganic tin as Snl, Sn2, Sn3
and Sn4 respectively. To the best of our knowledge, among tHg-itmmtified species, it is

the first time that two mixed methyl-ethyl species are identifiemhienvironmental sample.
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IV.1.3.2 Quantification of organotin compounds in landfilldachates

IV.1.3.2.1 Calculation of procedural detection limits

Detection limits were calculated as three times the standard deviépoocedural blanks by
EC in which 5mL of the “landfill blank” followed all the sangppreparation procedure. The
corresponding detection limits were found to be 0.01, 0.02, @02, 0.02, 0.03, 0.04 and
0.04 pg Sn L for TMT, DMT, MMT, TET, DET, MBT, DBT and TBT respectivelyt is
worth stressing that the detection limit of MET could not bécutated due to the
unavailability of commercially available standards. Instrumental detedimits were
comprised between 20 fg Sn for TMT and 60 fg Sn for DBT.

IV.1.3.2.2 Effect of microwave extraction

Landfill leachate samples are complex organic matrices. Therefore, @n tardninimise

possible matrix effects throughout the sample preparation proceduneravave assisted
extraction was performed before derivatisation. In contrast to pewauwks in which the

microwave assisted extraction was carried out employing acetic acicefdetérmination of
butyltin compounds [22], nitric acid was selected in thisknas it was found to provide a
better average extraction of all the alkylated tin species. In add#i@inal concentration of
20% of HNQ (v/v) was selected for the extraction as higher HNGntents were found to

suppress the extraction of TMT.

TablelV.1.2 Comparison of external calibration (EC) amcies-specific isotope dilution analysis (SSID#)

butyltin compounds in landfill leachate sample fram extracted or not under microwave with nitricich

Concentration (pg (Sn)1)

Leachate sample L.ASpecies

EC SSIDA
_ _ MBT 0.08 +0.01 0.32 +0.03
Without extraction
DBT 0.015 +0.007 0.09 +0.03
MBT 0.46 +0.02 0.32 +0.03
With extraction
DBT 0.15 +0.02 0.10 +0.02

EC versus SSIDA for butyltin compounde influence of the microwave-assisted extraction
step in terms of extraction yield, modification of the species rejparaind matrix effects was
studied. For this purpose the quantification of MBT and D& leachate sample L.A with

and without the application of a microwave assisted extractiormstspevaluated using two
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different calibration techniques: SSIDA and EC. The concentratiaresdbr TBT could not
be obtained in this sample as they were below the method detktin(0.04 pug Sn L). As
can be observed in Tabl¥.1.2 the results obtained for three independent aliquots of the
leachate demonstrate that only when using the microwave assisted i@xsrabbth
approaches provide similar concentration values. As expected, and rastaatEC, SSIDA
corrects for matrix effects and provides the same results with anduvitteextraction of the
samples demonstrating that isotope equilibration is possibleutgltin species in this matrix
even when no extraction procedure is applied. In the light of tiessdts, we can conclude
that EC is thus a suitable calibration technique only for extraeteghles whereas for non-
extracted samples, this calibration method provides a biased valudeofspecies
concentration. This comparison could not be achieved for methydatkethylated species,
as no enriched isotopic standards were available for this sthdyefbre, taking into account
the results obtained for MBT and DBT, it was assumed that éoretbt of the alkyltin species,
external calibration provides more accurate results for microwave assistedeektactples
than for non-extracted samples.

Recovery of methyltin compoundgie occurrence in the leachate of the three methylated tin
species and the availability of their corresponding natural abundandarstarallowed us to
evaluate the efficiency of nitric acid extraction by calculating the regafesuch species in
the leachate L.A. For this purpose, the three species were irallyidpiked to three different
aliquots of the same sample before and after the nitric acid extractidgheandoncentrations
were calculated by EC. Each addition of the methylated speciedomasn triplicate and the
concentrations of the three species are reported on atl&. The recoveries of MMT and
DMT when the standards were added before extraction were found bighibky sower than
those obtained when they were added after extraction. However, a afisntiecovery for
TMT was obtained when this species is added before the extractianl(®) in comparison
to that obtained when the addition is carried out after the extina(@6 + 6%).

Conversion of spiked methyltin compounbisorder to study the occurrence of methylation
reactions throughout the extraction procedure, the concentratiolne td unspiked species
were also calculated. The Taltleé1.3 shows that when the addition of the natural abundance
standards is carried out after the extraction there is not a significahylatiein of the
species. This is demonstrated with the quantitative recoveriesnettaiot only in the

unspiked species but also in the sum of the methyltin spétisgever, when the addition of
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the natural abundance standards is carried out before the extracticm sigthficant higher
recovery for the unspiked TMT (as much as 138 + 6%) and a cptargirecovery for the
sum of butyltin species are obtained. As the recovery obtainedViéri3 quantitative when
it is spiked before the extraction, those results clearly indicatectherence in this kind of
complex matrix of a specific methylation which is only originatednfritne added DMT or
MMT before the extraction. Therefore, these results demonstrate thef nisling standard
addition approaches for calibration purposes in these samples, as théiferent behaviour
of the added and the endogenous methyltin species occurring iledbhate during the

extraction.

TablelV.1.3 Recovery tests of nitric acid microwave extion on methylated species in a landfill leachate

sample L.A
_ Experimental spike _ Conc. in spiked sample/ Conc. Recovery of the sum of
Spiked , _ Unspiked _ _ _
_ / theoretical spike ] in unspiked sample methylated species
species species
(%) (%) (%)
S MMT 61 +14 DMT 87 +6
5] 87 +6
g T™MT 123 +8
X il
ot DMT 87 +5  MMT 93 +5
= 101 5
5 T™MT 138 +22
O __
) T™MT 95 +10 MMT 94 7
= 95 +3
%) DMT 90 +16
o MMT 84 +10 DMT 96 9
= 92 5
§ T™MT 90 +
& DMT 95 . +3  MMT 9% +t6
5 98 +1
= T™MT 102 +
2 T™MT 86 +6  MMT 97 t6
a 92 4
n DMT 92 +

IVV.1.3.2.3 Internal calibration (IC) for quantification of methyltand ethyltin species

As reported above, SSIDA and EC can be used properly for quattificof MBT and DBT
in the extracted samples but for the methyl- and ethyltin sp&8BA can not be performed
due to the lack of the corresponding isotopically enriched spdniegldition, as explained
above, propyltin species can not be used as internal standards reipgiatmpn is employed
as derivatisation procedure. Therefore, in order to overcome these dd&cusdiotopically
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enriched butyltin species were tested as suitable internal standartisefother alkyltin
species determination. For this purpose,‘tfi&n-enriched butyltin species was added to the
samples at the beginning of the sample preparation procedure ahdSienriched MBT
was employed as internal standard. Then, the peak area obtainkd feotbpe 120 in each
species was divided by that obtained for MBT for the isotope [119.worth stressing that
the peak area obtained for the isotope 119 in MBT was correcttbtiact the contribution

of the endogenous natural abundance MBT in the leachate, folloengpproach explained
below. Accordingly, the peak areas of DBT and TBT for the massvE?@ also corrected in
order to subtract the contribution of the ad§€8n-enriched DBT ant!®Sn-enriched TBT to
the mass 120.

TablelV.1.4 Comparison of external calibration (EC) eital calibration (IC), species-specific isotopletibn

analysis (SSIDA) and species-unspecific isotopatidih calibration (SUIDC) for landfill leachate LB1

Concentrations and standard deviations in pgl(Sm) leachate LB1

EC IC SSIDA SUIDC with ~ SUIDC with SUIDC with
UVBT UpBT UoTBT

MMT 0.14 +0.01 0.13 +0.01 0.18 +0.01 026 .40 0.86 =0.18
DMT 0.24 +0.01 0.27 +0.01 0.18 +0.01 026 .10 0.85 +0.13
T™T 0.41 +0.02 055 #0.07 016 +0.02 024 & 0.77 +0.05
MET* 0.87 +0.05 128 +0.09 4.12 +0.56
DET 0.02 +0.01 0.02 £0.01 0.03 +£0.01 0.04 .®0 0.13 #0.03
TET n.d. n.d. n.d. n.d. n.d.
MBT 0.33 005 0.32 #0.02 0.31 #0.02
DBT 0.08 +£0.01 0.09 +0.01 0.11 #0.01
TBT 0.08 +£0.01 0.09 +0.02 0.30 +0.04

*identified species (Sn3)

The results obtained by such IC usdVIBT for the alkyltin species were compared with
those obtained by EC in the landfill leachate LB1 (Td¥lé.4). The quantification provided
by this internal standard methodology was found to be in agreemitinthe results obtained
by EC for all the methyl-, ethyl- and butyltin compounds, eké@pTBT where the results of
EC and IC were not in agreement with SSIDA. This mayciugi a serious matrix effect for
TBT than for the rest of the species and could be explained lgwies polarity and thus
higher affinity to the organic hydrophobic matrix. Finallyc@n be highlighted that due to the
absence of natural abundance standards for MET in this work,noermoation value could
be obtained by EC or IC.
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IV.1.3.2.4 Species unspecific isotope dilution calibration (SUIDC) doantification of

methyltin and ethyltin species

In the past, the method of unspecific spiking of isotopicallsiceed species has been
employed for selenium compound with the use of selenomethioninghé purpose of
guantification of selenocisteine [23]. In this work, in orderfital more complementary
calibration strategies for such complicated samples, a similar sp@gpseific isotope
dilution calibration consisting in using sensitivity factabtained with three isotopically
enriched species (MBT, DBT and TBT) was carried out for the evaluatiothef
concentrations of the tin species occurring in the leachates. Foioe#uh three butylated
species, a sensitivity factor was calculated as the ratio betweenesteapea of‘*%Sn
corresponding to the samplé!{’) and the concentration quantified by SSIDA. However, in
order to consider only the peak area corresponding to the sampleoritidution of the
isotopically enriched species to tH&Sn has to be subtracted from the total peak area. This
correction is performed by using a similar approach than that propysklhtelmanet al.
[24] in which the signals (peak areas) obtained for each isotoplkecarpressed as a linear

combination of the different contributing sources. In this \Wlag signals obtained in the

particular case of MBT for the isotopes 120%) and 119 (**°) can be expressed with

equations 2 and 3:

IVIBTI 120:MBTI ;.20+MBTI i.so [2]

MBTI 119:MBTI 2194_ MBTI iFZ)LQ [3]

Where "®T12%° and "®71*° are the peak areas for the isotopes 120 and 119 originated from

the endogenous species affi'1;2° and ""I° those originated from the isotopically

enriched MBT.

MBT | 120 MBT A120 MBTI 119 MBT Ail9
H ; sp p — s
If the abundance ratios are definedRs= ——— "= =+, and R, =

MBT | 120 ~ MBT A120 °’
sp p l s As

where

BT ALY and YT AL? are the isotope abundances in the isotopically enriched spike and

p

MBT A% and M°T AL those in the sample for the isotope 119 and 120 respecteeglgtions 2

and 3 can be expressed as follows:
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MBT | 120 _MBT 120 BT 119
| 120=MBT 220 R [ s [4]

MBT | 119 _ BTy 119, MBT; 119
|1 = R, M%7 1+ s [5]

Then, equations [4] and [5] provide a linear system with tweaggns and two unknowns
that can be easily solved to obtain the intensity which ig ocoining from the endogenous

MBT (*71*) in the corresponding chromatographic peak. In this way, atiséysiactor

for MBT can be calculated using the following expression

MBT
MBTK — CSSID
MBTI 120
S

where Y'C, is the concentration obtained by SSIDA in the same chromatograypi

using the'*Sn-enriched MBT. This set of equations can be written also for DBTT&T.
Therefore, three sensitivity factors can be calculated by dividing thesponding corrected
peak areas by the endogenous concentration obtained by SSEx&h sample. Then each of
these factors can be directly applied to quantify not only thayleéd and ethylated species
but also any unknown species or species from which no naturabdateen standard is
available.

The results of these three different quantifications are compare@,tdCEand SSIDA in
Table IV.1.4. This table shows the results obtained in the lantddichate LB1, which
illustrates the general trend observed for the rest of the analysed l@adthates. As can be
observed, when using SUIDC with MBT, the results for MNDET, MET, MBT and DBT
match the values quantified by EC, IC but not for DMT. On dkieer hand, when using
SUIDC with DBT, the quantified values of the di-substitutpdcses DMT were found to be
in agreement with those evaluated by EC and IC. However for the-substituted species
(MMT, MET and MBT), the results obtained by SUIDC using t8n-enriched DBT do not
generally match those obtained with EC and IC.

On the other hand, in the case of TMT, the quantificatiadh ®UIDC using MBT and DBT
was found to be always lower than that obtained by EC, tCSWDC with ***Sn-enriched
TBT. This indicates again a different behaviour of the tri-sulistitgpecies probably due to
their higher affinity to the organic matrix. This is also refledtedhe fact that the results

obtained with SUIDC usind'*Sn-enriched TBT for all the species are not in agreement not
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only with those obtained by SUIDC using MBT or DBT lalgo with those obtained by EC
and IC, except for the case of TMT in some of the samples.

In the particular case of MET, no concentration values for EC @ratd presented in Table
IV.1.4 due to the absence of natural abundance standards. Véhevetlage of the calibration
slopes obtained for all the natural abundance standards is useahtdygsuch compound the
results obtained by IC (0.86 + 0.05 pg Sh lare well in agreement with those obtained by
SUIDC using thé**Sn-enriched MBT (0.87 + 0.05 pg S/L

According to these results its worth stressing that, except foF, [ddncentration values in
agreement with those obtained by EC and IC can be obtained fbe @atturring species in
the leachate samples with only one addition of the mixture tdpsmlly enriched butyltin
species (and therefore one chromatographic run), without resorting exeemgal calibration

or standard additions to the sample and hence minimising #latalysis time.

IV.1.3.3Applicability to real samples

As a full validation of the ethyltin, methyltin and unknowim species can not be performed
due to the absence of specific isotopically enriched standardsfeonpe3SIDA, the different
calibration strategies proposed above were consider complementdry oage of landfill
leachates. In this way, in order to cover the true values and tmlerbve most representative
information, the final concentration values for the quantificatiospecies in real samples
were calculated as follows:

« for MMT, the average of EC, IC and SUIDC usitgSn-MBT.

« for DMT, the average of EC, IC and SUIDC usiigsn-DBT.

» for TMT, as there was no agreement between the proposed calibratimyiss: the
average of EC, IC, SUIDC using®Sn-MBT, SUIDC using'**sn-DBT and SUIDC
using*°%Sn-TBT.

« for DET, the average of EC, IC, SUIDC usifigSn-MBT and SUIDC using*®Sn-
DBT.

« for MBT, DBT and TBT the values obtained by SSIDA.

* any unknown species or species in which there is any commerciaijalzde
standards the value of SUIDC usiltdSn-MBT.
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TablelV.1.5 Organotin composition in ug Si*lof four landfill leachates (LB2, LB3, LC1 and LC2)ean
values and standard deviations obtained using ECS$IDA and SUIDC

Concentrations and standard deviations in pg Sim ffour landfill leachates

LB2 LB3 LC1 LC2
MMT 0.03 +0.01 0.07 +0.02 0.10 +0.03 0.014 @0z
DMT 0.05 +0.01 0.12 +0.02 0.43 +0.10 0.08 3.0
T™MT 0.19 +0.10 0.40 +0.21 1.40 +2.10 0.31 3.2
MET* 0.17 +0.03 0.44 +0.09 0.22 +0.07 0.029 BaB
DET 0.009 +0.003 0.02 +0.01 n.d. n.d.
TET n.d. n.d. n.d. n.d.
MBT 0.11 +0.04 0.16 +0.01 0.24 +0.05 0.07 +10.0
DBT 0.04 +0.01 0.06 +0.01 0.07 +0.06 0.012 0.
TBT 0.11 +0.02 0.20 +0.01 1.02 +0.30 0.31 #10.0

*identified species (Sn3)

According to this, the applicability of the entire developed mailoay is illustrated in Table
IV.1.5 with the determination of the alkyktin species concentration different leachates
from L.B (LB2 and LB3) and L.C (LC1 and LC2). The majordithe concentration values
of alkyltin compounds in these leachates are comprised between @ &nhuL*to 0.5 ug

(Sn) L* (except two values for TMT and TBT for LC1). The high standardatien of the

TMT values in the sample LC1 corroborates the problematic deternmradtEuch species in
the leachates as explained above. The concentration of the alkgties@re in the same
order of magnitude than the methylated and butylated tin compoamélysed by
Mersiowskyet al.[5] except for MBT which is less concentrated here than in other Eanop
leachates. In comparison with waste water [14,25], the concentratichg leachates are
within the same order of magnitude. Ethylated species are reportdweférst time in real

landfill leachates as the seldom works using propylation are focuskedtyltin species.

IV.1.4 Conclusions

The choice of different calibration strategies for the assessment gué#mgification of all

alkyltin species is explained by the fact that each method allo&v€orrection of specific
systematic errors. For example, as it was demonstrated for the casthgtimeompounds,
there is a clear different behaviour between the added and the endogeeces during the

extraction procedure. Therefore, other endogenous unspecific species pleseht in the
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sample with similar polarity or affinity to the matrix are suspettebetter correct for errors
derived from this particular sample preparation step. On the o#imet, lother steps such as
the derivatisation or the liquid-liquid extraction procedures maybbtter corrected by
species-specific standards and hence, EC or IC can provide more realistentcation
values. The complementation of the different approaches is propasdisi work to
overcome for the first time this complicated analytical problem. #aldilly it is worth
noting that the routine quantitative and semi-quantitative detatrom of all occurring
alkyltin species (including unknown species) in any leachate carefbermpped in a single
analysis by the addition of species-specific and species-unspecifapicaly enriched

alkyltin species to the sample and hence drastically reducenigtidl analysis time.
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IV.2. Devenir des composés organostanniques dans leswedfits de centres

de stockage de déchets

Article en cours de soumission
Mobilisation and formation of organotin compounds n landfill leachates and biogases

P. Pinel-Raffaitin, D. Amouroux*, I. LeHécho, P. Ralriguez-Gonzalez, M. Potin-Gautier

Laboratoire de Chimie Analytique Bio-InorganiqueEtvironnement- CNRS UMR 5034, Université de Pau et

des Pays de I'’Adour, Avenue de I'Université, 64BaQ0, France

Abstract

The organotin compound potential release from municipal solidew®SW) disposal has
been recently considered as a potential way of entering the envirorfirherdetermination of
organotin species in leachates and biogases has been performedworthito achieve the
fate of organotin species in landfill. In leachates, methylateglag¢id, butylated and mixed
methyl-ethylated tin compound concentrations are ranging from 0®1(Sm)L! to
6.51g(Sn)LY. In biogases, both methylated and ethylated volatile tin epentcur with
concentrations up to 25 pg(SnfmThe seasonal monitoring of landfill leachates has
highlighted the influence of climatic conditions on the evolutof the composition of the
leachates. The predominant phenomenon is waste leaching of awgnap species such as
butyltin or some methyltin compounds during cold periodsl, fanmation of new organotin
compounds such as ethyltin compounds during hot periodarder time scale, the influence
of waste degradation state on the alkyltin composition inethehates and biogases has been
also outlined. In this way, mobilisation and formation patis have been proposed for the
occurrence of the organotin compounds in both phases. Biogemglatemn and ethylation,
are supposed to be the main mechanisms in leachates for the formatioretfyltin, mixed
methyl-ethyltin and ethyltin compounds. In the gaseous phasenethylation and
perethylation reactions have also been suggested. Although tinatesti of emission factors
has shown quantitatively low input from waste disposaljsitnoteworthy that waste
degradation has proved to induce the release in the environment ofitadly harmful

organotin species.
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IV.2.1 Introduction

Even though municipal solid waste (MSW) disposal in landfilbne of the most common
waste management pathway throughout the world, its poteeligglse of major contaminants
such as organotin compounds in both atmosphere and aquatic esssisnot documented.
Some data of tin emissions are available for waste incineratiathisuatmospheric emission
factor ranging between 1.0-10 g of tin per tons of incinerated MSYésymnds essentially to
inorganic tin(1,2). Our recent work has pointed out tin as a main leachate contaramang
metals and metalloid€3, Il p53) and the need of speciation analysis to assess its related
environmental impact. The main sources of inorganic tin in MSWhnareufactured products
such as cans and containers. Additionally, the major anthropoggplications that provide
organotin compounds in wastes are PVC heat stabilizers, biocatasts for polyurethane
foam or silicones, agrochemicals and glass coat{dgd. Thus MSW becomes a pool of
different organotin compounds: tributyltin from agricultural prog, monobutyl, dibutyltin,
monomethyltin and dimethyltin from plastic formulations forodo packaging (PVC,
polyurethane, silicone), and monobutyltin and monomethyltim fgbass coatingé4-7). The
global tin content of MSW is scarcely documented as only compasiby waste categories
are available. As an example, according to the French Agency forneolment and
Energy Management (ADEME) PVC wastes represent 1.5% of MSW honag$ and the
concentrations of organotin compound in PVC are ranging fromalB000 mg (Sn) Kg (8).
This example illustrates the potential contribution of organatdSW due to such particular
source.

In this way, tin and organotin compounds could thus bbilsed and likely released in the
environment by the percolation of water through the waste layhese compounds can be
also discharged through the gaseous phase in which volatileatinbe transferred. As
reported by Hirnef9), landfill gathers the conditions enhancing the chemical and lalog
transformation of tin. Tin and organotin compounds presenténwaste could thus be
modified by hydridation, methylation, ethylation, dealkylation transalkylation reactions
with the consequence of generating new tin compounds in loptiol land gaseous phases
(10). The potential impacts related to landfill leachates and biogaseastbos| change during
the biodegradation of wastes. In fact, in contrast to destilyl pathways which decrease the
toxicity of the organotin compounds, the alkylation pathwagkance the mobility and the

toxicity of the resultant compoungs;10).
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The combined liquid and gaseous organotin compounds detemnirgppear thus to be
necessary for the assessment of environmental and sanitary impketdfil. This kind of
complete approach has only been proposed on simulated landtiiebgxamination of the
fate of methyltin compounds in leachates and biogéisBsHowever, the scarce data on real
landfills is only related to separated compartment studies. le thesks, the occurrence of
volatile hydride, methyl-, ethyl- and butyltin species has b#estribed in landfill biogases
with average concentrations ranging from less than 0.1 pg (3i) 86 pg (Sn) M (12-13)

In landfill leachates, mono- and dimethylated tin compoundsaddition to the three
substituted butylated tin compounds have been quantifidd e@mcentrations ranging from
0.1 ug (Sn) 'to 1 pg (Sn) L* (14).

The previous development of an organotin speciation analysigdwbgy in our laboratory
especially adapted to landfill leachates is applied in this wWaf I1V.1 pll4) This
methodology allows a reliable determination of methylated andé&tetytin compounds in
addition to ethylated and mixed methyl-ethylated tin compountiese expected occurrence
has never been underlined before due to analytical limitations. Tinglete approach applied
here combines the determination of dissolved ionic tin speciésaahates and volatile tin
species both in biogases and dissolved in leachates. The dinis okork is to propose
possible sources and pathways to explain the occurrence of the atkspicies in landfill
effluents. In this way, the main influent factors in the organctimposition evolution have
been outlined by the monitoring of two landfills. Finallye potential emissions of organotin
compounds related to MSW disposal in landfill have been evaliratedsk assessment point

of view.
IV.2.2 Material and methods
IV.2.2.1Sampling sites and procedures

IV.2.2.1.1 Landfill site description

Leachates and biogases were sampled in two different French landfiie(\r.2.1).

The first landfill, named hereafter as L.A, has received 150000afolSW per year and is
composed of seven cells. The 1st cell has been filled from 19960 damed hereafter
LAY and each of the three following cells has been filled durimgyemr until 2003 (named
hereafter LA, LA® and LA").The second landfill, named hereafter as L.B, has been filled with

10000 tons of MSW per year from 1999 to 2002.
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IV.2.2.1.2 Leachate sampling

In order to avoid the perturbation of the outflow no pumpiag applied during sampling. In
this way, the leachates were collected at the leachate pipe outfibvraarsported in 1L
polyethylene bottle in ice-boxes at around 4°C. Within 2-5r$iothe leachates were
transferred into 5mL polypropylene vials and frozen at -20°A antlysis. In all cases, the
sampling bottles and the plastic ware used throughout thik were cleaned following a
well-established protocdll5). The whole protocol from sampling to analysis was applied to

one bottle filled with ultrapure water (182 Millipore USA) to constitute a “landfill blank”.

TablelV.2.1 Presentation of the sampling campaigns erttlo landfills and the corresponding wet depositio

Leachate and biogas sampling campaigns

_ Waste cells
Landfill - , 10/01/2005 04/07/2005 29/05/2006
(cell filling period) ) _ )
Campaign A Campaign B Campaign C
LA (1995-2000) LAY, LA BgAl: LA
A LA? (2000-2001) LAZ, LAZ% BgA’c LA%
o LA® (2001-2002) LA3, LA%, BgA%:: LAS:
LA“ (2002-2003) LA*A LA% BgA'. LAY
""" Wet depositon(mm) 63 40 51
12/10/2004  25/04/2005 11/07/2005 22/09/2005 06/12/2005
Campaign A Campaign B Campaign C Campaign D Campaign E
L.B. LB (1999-2002) LBA LBg LBc BgBc LBp LBe
""" Wet depositon(mm) 70 197 76 158 227

Duplicated leachates samples were collected three times in landfill (10A01/2005;
04/07/2005; 29/05/2006) and five times in landfill L.B (l22004; 25/04/2005; 11/07/2005;
22/09/2005; 06/12/2005). The corresponding leachate samples Ade th LA% for
10/01/2005, LAg to LA for 04/07/2005, LAc to LA": for 29/05/2006 and LB LBg, LB,
LBp, LBg for the five campaigns in L.B (Tablg.2.1).

The determination of dissolved volatile species was also performbeé ieachates from L.A
for the third campaign (29/05/2006). Additional leachate sampérs thus collected in 1L

thick polypropylene bottles, avoiding any head-space above thé phase.

IvV.2.2.1.3 Biogas sampling

Both sampling sites are equipped with drain to collect and fter landfill biogases. Biogases

were sampled at the drain’s bleed using ten-litres Tedlar bagsbdgs were filled using a
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laboratory-made box which provides a clean sampling as it is daepsessindirectly by a
vacuum pump. After collection, bags were placed immediately in #r& t avoid
photochemical degradations and kept at room temperature until prent@tion step. For
each sampling campaign, the last samples were collected in the aaibemove the landfill
site.

One sampling campaign was done on each site (Tdlfel): for L.A, two Tedlar bags were
used for each of the four cells sampled (29/05/2006): 'BgBgA’c, BgA%: and BgAc
whereas for L.B, five Tedlar bags were filled on 11/07/2005 ¢3gB

IV.2.2.1.4 Cryogenic pre-concentration of volatile species

Gaseous specied.he principles of the operating cryogenic system is described asewh
(16). Briefly, each Tedlar bag was directly connected via its valve to agenyo pre-
concentration system within 2 hours after the on-site colleclibe aspiration flow rate for
the gas pumping was fixed at 800 mL thirGas samples were dried by passing through an
empty U-shaped glass tube maintained at -20°C (mixture of ice and &cétfore being
cryofocused at -80°C in glass wool quartz columns (i.d. 5hmScm of length). This
temperature was chosen to avoid the condensation of both carbasediBriling point = -
80°C) and methane (Boiling point = -164°C), which represent 50-80%e total biogas
content. For each Tedlar bags, three columns were used to pre-catecdiiferent volumes
of biogas (four and two litres). For ambient air, the gas volumeqmeentrated was 8L.
After cryofocusing, the cryotraps were closed with Teflon cagsramediately transferred to
a dry atmosphere cryogenic container.

Dissolved volatile specied/olatile tin compounds were extracted from leachate samples
using a purge system connected to the previously describedectigopre-concentration
system. The principle of the purge is described elsewh@)and was directly done using the
sampling polypropylene bottle. Only 500mL of leachate was kephe bottle to avoid any
problem of foaming. A modified cap equipped with a stem fitteti wiglass frit was used to
replace the initial cap of the bottle. A helium pressure allowirilpw rate of 250mL min

was applied to the sampling bottle. Similarly to biogas sasphe column with the trapped-
condensed species were closed with Teflon caps and immediatetfetrad to a dry
atmosphere cryogenic container. Both storage (cryo-container) an@ mgks were

performed (ultrapure water) to check for any contamination during sareptenent steps.
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IV.2.2.2 Organotin speciation analyses by Gas Chromatogrgphductively Coupled
Mass Spectrometry (GC-ICPMS) techniques

IV.2.2.2.1 Dissolved organotin species determination by GC-1GPaalysis

The sample preparation procedure for the speciation analysis of ongapatpounds in
landfill leachates includes a soft nitric acid (J.T.Baker, Instralyged 70%, Atlantic Labo,
France) extraction under microwave, a derivatization using Na@Falab, purity 98%,
Geesthacht, Germany) and a liquid-liquid extraction with isoec{&gma-Aldrich, Seelze,
Germany)(15). The speciation analysis is carried out by the coupling @sacgromatograph
Focus (Thermo Finnigan, Milan, Italy) equipped with a capillapjumn Tr-5 (Thermo
Finnigan, San Jose, CAL, USA) and an X series inductively leduplasma mass
spectrometer (Thermo Electron Corp. Windsford, UK). The methowvalthe quantification
of methyltin, ethyltin and butyltin species in landfill leadsat Previous screening using
propylation showed that some ethyltin derivatives were detectadendfill leachates. An
approach using isotope dilution analysé€gn-enriched mixture of butyltin compounds, 1SC-
Science, Gijon, Spain) in the species-specific and species-unspecifitgspikides together
with external calibration was validated in order to provide the nepsesentative quantitative
and semi-quantitative determination of all occurring alkyltin speicigbe landfill leachates
(15).

IV.2.2.2.2 Dissolved total tin determination by ICPMS analysis

Total tin (Sr) concentrations are measured with an ICPMS (Agilent Technologies) afte
nitric acid microwave digestion (Ethos, Milestone) of the sampie. ihvestigated protocol

was presented elsewhd: 1l p53).

IV.2.2.2.3 Volatile organotin species determination by CT-GE®MS analysis
The cryogenic trapping-gas chromatography (CT-GC) system is detdsleaherg16). The

volatile species are thermally flash desorbed from the cryotrapsthet chromatographic
column (Chromosorb WHP, 60-80 mesh, 10% SP2100 Supelco)amgidtat -196°C with

nitrogen, and then subsequently eluted and separated in thencbjuheating up to 250°C.
This cryogenic trapping system is hyphenated to an X seriestinely coupled plasma mass
spectrometer (Thermo Electron Corp).
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The identification of tin volatile species is performed followihg methodology proposed in
previous workq12;18) The calibration method is provided by the simultaneous iojeci
liquid solutions and gases. Liquid internal standards aexteyl continuously during the
analyses of the gas samples and the quantification is performedebtinip aqueous tin
standard solutions (Analab, Bischeim, France) with the same plasmd#ions. The detailed
method has proved to be efficient for a semi-quantification of theespeaih less than 30%
of error(19).

The concentrations of dissolved volatile species in landfill leachates quantified similarly
than the gaseous volatile species. It was not necessary to thergctantified concentrations
for the purge recovery as it was assumed to be efficient for each sipeemsh sample for
temperatures ranging between 10°C and 25°C, based on Henry'sotetarat equilibrium

towards purging conditions (time, flow rate, temperat(26).
IV.2.3 Results
IV.2.3.1 Occurrence of dissolved organotin species in latidéachates

IvV.2.3.1.1 Alkyl-group related distribution of organotins

The results of the three campaigns in landfill L.A and the five aagng in landfill L.B are
summarised in the Tabl®.2.2 indicating the minimal and maximal concentration of each
organotin species detected in the samples. The investigationrefthanm thirty samples has
highlighted the occurrence of up to nine organotin compourtdeeTtamilies of alkylated tin
compounds are detected in the samples such as methyltin (monanddiri-methyltin),
ethyltin (mono- and di-ethyltin) and butyltin species (mowid-and tri-butyltin). In addition,
a mixed methyl-ethyltin compound was found in some samplg€8).(C2Hs)X).

The presence of ethyltin compounds is reported here for the first tita@dfill leachates.
This particular occurrence is characterised by the predominance of morinetimgt the
absence of triethyltin in all the samples collected in the two figated landfills. The
contribution of ethyltin compounds in the total organotintenotis in the same order of
magnitude as methyltin and butyltin compounds for the leachates Ift8 whereas this
contribution is lower for all the leachates from L.A. The occurrergaethyltin and butyltin
compounds was already observed in European landfills by Mersioetski; (14). In this
study, ethylation was used as derivatization procedure, avdidirsgany ethyltin species to
be identified.
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TablelV.2.2 Organotin composition of landfill leachatesllected in the four cells of L.A during the three

sampling campaigns and collected in L.B duringsampling five campaigns

Minimal and maximal concentrations of tin spedieg (Sn) L)

LA ac LAac LA®ac LA ac LBae
) Mean

Species min-max min-max  min-max min-max min-max

n:34 n: 6 n:6 n:6 n:6 n: 10
Sn(CH)X3 0.04 0.02-0.04 0.01-0.03 0.01-0.02 0.07-0.10  0.02-0.15
SN(CHy)-X> 0.18 0.11-0.80 0.04-0.11 0.04-0.13  0.03-0.43  0.05-0.26
SNn(CH)sX 1.08 0.37-6.50 0.12-0.35 0.20-0.53  0.32-1.40  0.14-0.49

SN(CH)(C,Hs)X 0.02 <DL -0.03 nd” nd” <DL™ nd”
SN(GHs)X3 0.14 0.02-0.07 0.01-0.06 0.03-0.04 0.10-0.21  0.05-0.87
SN(GHs)-X 0.02 nd nd” nd” nd~  <DL"-0.03

SN(GHs)sX nd” nd” nd” nd” nd” nd”
SN(CGHg) X3 0.10 0.03-0.11  0.02-0.11 0.03-0.07 0.01-0.24  0.05-0.31
SN(CHe)-X 0.03 0.01-0.05 <DL™"-0.08 0.01-0.01 <DL"-0.06  0.01-0.11
SN(CGHg)sX 0.33 0.12-0.26  0.08-0.33 0.10-0.38  0.08-1.36  0.10-0.30
> species (OTC) 1.9 0.7-7.8 03-11 04-12 05-35 04-25
total Sn (Sk) 61 12-22 3-42 2-23 1-95 11 - 355
OTC/ Si (%) 11 3-49 3-4 4-18 3-38 1-4

n number of samples;<DL: below the detection limit (Species detectetitmt quantified); n.d: not detected.

IvV.2.3.1.2 Concentration related distribution of organotins

A screening of the samples from the two sites (TalMe2.2) exhibits trimethyltin
(Sn(CHy)sX) as the most abundant species with a mean value of 1.1 pg (Senhd
concentrations ranging between 0.12 and 6.50 pg (Sn)The three other predominant
species were found to be tributyltin (0.08-1.36 pg (SH) monoethyltin (0.01-0.87 pg (Sn)
LY and dimethyltin (0.03-0.80 pg (Sn)'L This was not the case in other European landfill
leachates reported by Mersiowsky et al. in which monobutyltintiv@snajor species with a
mean value of 1.0 pg (Sn)y'L(14). Species concentrations obtained for the two studied
landfills are comprised between 0.01 pg (St)dnd more than 5 pg (Sn)'LThis range of
concentration is in the same order of magnitude to that obthinbtersiowsky et al. in other
European landfill leachates in which the organotin concentrations raety@den 0.1 pg (Sn)
L and 4.1 pg (Sn) £ with a mean value around 0.3 pg (Sr) éxcept for monobutyltin
(14). In comparison, the data for raw waste water (before treatment) obtainéenbynd

Mdiller show a lower concentration range from 0.1 pg (Shyd.0.5 pg (Sn) L for butyltin
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compoundg21). Considering the butyltin concentration in French river watensdit than
0.03 pg (Sn) ), there is a clear need of a leachate treatment in order to remogereask
the content of organotin compounds in landfill leach&283.

Finally, the proportion of the total organic species conteméliation with the total inorganic
tin content(3) varies from 0.7% for LB to 49% for LA'c. Therefore, the high variability of
the organotin proportion and its related potential toxicity lighits the need of an organotin

composition assessment in landfill leachates.
IV.2.3.2 Occurrence of volatile organotin species in landigffluents

IV.2.3.2.1 Gaseous volatile species in landfill biogases

In the two landfill sites, only methylated and ethylated Vieldin compounds were detected
in biogases. The results of semi-quantification are presented i@ [Vab.3. Tetramethyltin is
the predominant species in all the samples from the two landitlsc@ncentration varying
between 1 pg (Sn) thand 20 pg (Sn) M whereas tetraethyltin is only detected in small
quantity (0.01 pg (Sn) 1) in biogas from L.B. On the other hand, mixed methyl-ethyl ti
volatile compounds are detected in all the samples. In terms ofifeqpadian, the biogases
BgA’c and BgR: are less concentrated than the three other biogase from L.A{BgAhe
concentrations of these species are consistent with three of four séropiesther European
landfills with the predominance of Sn(@ki(in concentrations around 15 pg (Sny)ng13).
Ambient air mean concentrations from the two sites correspondstthi@s 10% of the biogas
concentrations or the methyl- and methyl-ethyltin compounds.aAsomparison, these
ambient air samples collected above the landfills are however 1000rtioresconcentrated
for Sn(CH), than background site air samples collected at 100km far from thélllsitd
(16).

IV.2.3.2.2 Dissolved volatile species in landfill leachates

The concentrations of the dissolved volatile species are exprespgd(8n) [* of leachate.
Tetramethyltin is the most abundant species with concentratioging from 3 pg (Sn) Eto
150 pg (Sn) ! of leachate and the youngest leachate*@.As the most concentrated one.
Surprisingly, two species that were not present in the correspobitiggses are detected in
the purged-leachate: tetraethyltin and methyltributyltin. In corapanwith aquatic reference
values measured in harbour and estuarine wdiersl5) SnMe and SnMeBy are 1000

times more concentrated in our landfill leachates.
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TablelV.2.3 Volatile organotin species in landfill bioggs from L.A and L.B and in landfill leachates fram

Volatile species SN(CH  SN(CH)3(C:Hs)  SN(CH)ACoHs),  Sn(CH)(CoHs)3 Sn(GHs)s  SN(CH)(C4Hg)s
Gaseous phase Concentration (ug Sn'f
BgA'c 22+16 0.12 £0.02 1.1+£01 0.50 £ 0.04 n.d. n.d.
BgA% 200+£3.1 0.90+£0.12 28+£04 0.74 £0.09 n.d. n.d.
BgA®: 16.2+15.1 0.71+£0.11 3.6+£0.1 0.67 £ 0.06 n.d. n.d.
BgA* 22979 0.90 £0.09 15+0.1 0.28 £0.03 n.d. n.d.
BgBc 14+£04 0.15+0.01 0.54 £ 0.06 0.15+0.01 0.012 +£0.004 d.n
Ambient air
(above landfill)  0.04 +0.02 0.010 = 0.005 0.06 £0.03 0.026 £ 0.003 0.010 #0.0 n.d.
Henry’s law
constant 6.5 8.6 11 15 20 83
Liquid phase Concentration in pg (Sn)L
LAY 30+20 0.3+£0.3 n.d. 0.2+0.2 0.1+0.1 1.3+£1.3
LA% 14+ 2 22+10 25+15 1.7+£0.9 0.3£0.2 2.2+£0.2
LA3. 35+23 1.0+0.1 n.d. 0.5+0.1 0.2+0.1 n.d.
LA‘ 153 £ 54 2.0+ 1.9 36 £ 16 130 £ 61 17+5 5+0.2
Gas-Liquid system Saturation ratio
SRA¢ 9% 4% <0.1% 1% >100% >100%
SRA%: 0.5% 2% 1% 3% >100% >100%
SRAY: 0.1% 1% <0.1%. 1% >100% n.d.
SRA'c 4% 5% 27% 711% >100% >100%

" only detected in ambient air from landfill L.B

IV.2.4 Discussion

IV.2.4.1 Landfill characteristics influencing organotin spges concentrations in landfill

effluents

IV.2.4.1.1 Seasonal evolution of organotin species concetnati landfill leachates

The five sampling campaigns performed on landfill L.B constituseasonal monitoring of

the organotin compounds in leachates. As shown in Fiju2el, the general evolution of the

concentration of the sum of organotin compounds (OTC) folldvesane of the total tin

concentration. These two contents are inversely proportional tdepesition. This illustrates

the role of seasonal water precipitation influx in controlling theceatration levels of the

organotin compounds in leachates.
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FigurelV.2.1 Wet deposition (mm) and concentrations ahttotal tin (Skp) and the sum of organotin

compounds (OTC) in the five seasonal campaignsuadfill L.B

By taking into account the climatic conditions, two groupslata can be distinguished: on
one hand LR and LB: and on the other hand kBand LB: which correspond respectively to
dry season and wet season. The sampling campaignsL8transition point between the two
groups with middle concentrations. The Figuw2.2 represents the variation of alkyltin
group (a) and substitution degree (b) of organotin compoimdslation with the total tin
concentrations (Si. On the FigurelV.2.2 (a), two linearity ranges appear for the three
alkyltin group: for the lower values of $rffrom 10 pg [* to 115 pg [Y), the organotin
compounds concentrations are proportional to total tin concensa#ind for the higher
values of Sp the organotin compounds concentrations tend to reach a stémtedy The
concentration relative proportion of the species varies also wéhirttreasing total tin
concentration. Whereas for the lowerrSmncentrations, ethyltin compound concentrations
are lower than methyltin and butyltin ones, these species are nment@ted for higher $n
concentrations. On the Figufg.2.2 (b), a similar “two-stages” trend can also be outlined,
especially for mono- and tri-alkylated tin compounds. For dssulted compounds, which

are always less abundant than the other compounds, there isioosofiepe break.
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FigurelV.2.2 Variations of alkyltin group (a) and substibn degrees (b) in function of the total tin camtfor
the 5 campaigns on landfill L.B (A: 12/10/2004,25/04/2005, C: 11/07/2005; D: 22/09/2005, E: 0610025).

These results suggest that, depending on climatic condittem$ethaviour of the organotin
species is different. During wet and cold seasons(&Bd LBE:), the proportionality between
organotin compounds and total tin could be mainly relatedhé& mobilisation and/or

formation. During dry and hot season @.Bnd LB,), a steady state equilibrium may occur
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and reflect a balance between mobilisation and/or formation pathared/gelease and/or

degradation pathways of the species.

IV.2.4.1.2 Landfill effluent organotin composition in relatioa waste degradation state

The difficulty related to the understanding of landfill leachate cortipndgs the influence of
many parameters. The nature of the waste and its degradation stajgpasediuto be among
the most influent factors determining the composition of the efftuent

LeachatesTaking into account the results obtained during the seasonalanogiof landfill
L.B, the evolution of organotin composition with the cdlirfg period was studied relatively
to the total tin concentration. The linear correlations between allgitiup concentration and
total tin concentration were statistically evaluated by Bravais-Peatests and the
corresponding slope and regression factors were also calculated IM&xg. The Bravais-
Pearson correlation factor informs on the potential proportionddggween alkyltin
compounds and total tin concentrations. When the correlatiosigisificant, organotin
leaching and organotin formation are supposed to be dominant ggecés this case, the

curve slope also the efficiency of such pathways in the langétes.

TablelV.2.4 Linear correlation data (Bravais-Pearsotstesdopes and regression factors) for the alkyltin

compound concentrations in relation with the ttitatoncentrations for the three campaigns on iindA.

Linear correlation factors between total tin concations and alkyltin concentrations (3 campaigns)
Landfill L.A cells

Alkyltin species LA ac LAZac LA3ac LA“ac
Cell filling period 1995-2000 2000-2001 2001-2002 2002-2003

Butyltin Bravais-Pearson test -0.96 0.99 0.99 0.15
(probability) (<0.01) (<0.05) (<0.05) (=0.8)

Curve slope -0.024 0.011 0.015 0.0022

Curve regression factor 0.92 0.99 0.99 0.02

""""" Methyltin ~ Bravais-Pearsontest ~ 058 097 085 079
(probability) (=0.4) (<0.05) (=0.08) (=0.1)

Curve slope -0.39 0.008 0.016 0.014

Curve regression factor 0.33 0.95 0.72 0.62

"""""" Ethylin ~ Bravais-Pearsontest ~ -0.24 092 099  1.00
(probability) (=0.7) (<0.05) (<0.05) (<0.05)

Curve slope -0.0013 0.0012 0.0017 0.0039

Curve regression factor 0.05 0.84 0.99 1.00
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For butyltin compounds, only the most recent cell {LAoes not present a significant
correlation between the organotin concentration and the total tin coatgamt The oldest cell
(LAY is characterised by a negative slope value (-0.024) indicatifeyetif processes than
the two other cells in which positive value of the slopes waayswebtained. For LA LA?
and LA, slope values for butyltin compounds indicate that the leactaueases with
increasing degradation state. For methyltin compounds, no ckyadl Bppears from the
statistical data. Only the two middle aged cells {LAA®) present significant Bravais-
Pearson factors (0.97 and 0.85) between the methyltin compound catioaestand the total
tin concentration. For ethyltin compounds, a clear trend is @duador the three more recent
cells (LA% LA® and LAY for which the organotin concentrations are well correlated to the
total tin concentration. The increasing slope values (0.000€@19, 0.0039) indicates that the

younger the waste is, the more the ethyltin concentration increases.

Biogases.
The biogas sampling campaigns have been performed on the aifitldaduring hot and dry
period (TablelV.2.1). The representation of the relative organotin compositibrthe

biogases from L.A and L.B in relation with the cell filling metiis shown in Figuré/.2.3.
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80% -

O SnEt4

70% -

60% - [ [ SnMeEt3

50% - SnMe2Et2

40% -
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30% A
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Biogas relative organotin composition
(each volatie species/total volatile tin)
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2000 2002 2001 2002 2003

FigurelV.2.3 Relative composition of landfill biogasesfimction of the cell filling period
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The degradation state of the waste is indicated by the periathioch the cells were filled.
The more the waste is degraded the lower Sgj{tdntent is and therefore the proportion di-
and tri-ethylated compounds increases.

FigurelV.2.4 illustrates the particular case of Sn{K{C,Hs),. The relative proportion of this
species for each cell is represented in function of the period durirg whie cell has been
filled. The correlation factor (Bravais-Pearson test: -0.80, p<Or@kgates a trend between
the waste degradation state and the relative content of $p(CHHs),. It shows that the
more the waste is degraded, the more the relative proportion cdpbees increases. The
difference of reaction rates involved in the formation of the volatilepounds can be the
origin of this phenomenon. Methylated volatile tin compouseklsm thus to be more readily
formed during the waste degradation processes than ethylated valatibengpounds.
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FigurelV.2.4 Variation of the relative proportion of Snb, in function of the cell filling period

IV.2.4.2 Potential sources of the organotin species in l&ificeffluents

The TablelV.2.5 summarizes the possible sources and processes that maopbsed for the
understanding of the effluent composition. The three compartment¢e(waachate and
biogas) are in complete interaction and so the transfer of differeatespfrom one phase to

another is likely to take place.
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TablelV.2.5 Propositions of sources and processes foptganotin occurrence in waste, leachate and bioga

WASTE LEACHATE BIOGAS
Species Sources Species Sources Processes Species Sources Processes
Sn(GHy,X  Biocides, agricultural chemical Sn(GHg) X Waste Leaching Sn(GHg),(CH;)  Leachate Methylation
Sn(GHy),X, Sn(GHy),X,
Plasticizers Waste, Leachate Leaching, Dealkylation
Sn(GHg)X Sn(GHgX,
Sn(CH)X, Plasticizers, glass coatings Sn(CHYX,
Waste, Leachate Leaching, Methylation
. Leachate .
Sn(CH),X, Plasticizers Sn(CH),X, Sn(CH), Biogas Methylation
. Methylation
Sn(CHy)X Leachate, Biogas or dealkylation
Sn(CH),(CH)X . Methylation or ethylation | SN(CHs(CHs)
Leachate, Biogas Dealkvlati Leachate
SN(CH)(C,H)X, ealkylation SNCH)ACHD, o Methylor ethylatin
Sn(CHX Sn(CH)(C,H
GHIXs Leachate, Biogas Ethylation, or dealkylation GH,
Sn(GHy),X, Sn(CHy), Leachate Ethylation
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IV.2.4.2.1 Anthropogenic species from municipal solid wastehaz

Tin and organotin compounds known pools in wastes are metafitainers, glasses, plastic
and agricultural product&-7). Therefore waste degradation processes could be responsible
of the direct mobilisation of anthropogenic-used compounds asighmorganic tin, mono-, di-

and tributyltin compounds and mono- and dimethyltin comgeunom the waste materials.

An additional source of mono- and disubstituted butyltin @sd methyltin in leachates could

be the leaching of PVC pipes used in landfills to collect anah dinai liquid effluen(23-24)

IV.2.4.2.2 Neo-formed dissolved species by alkylation/dealiofigpathways

The anthropogenic origin of organotin compounds in landfill lategcan not explain the
occurrence of all the detected species, especially the ethyltin codgpofia described in
FigurelV.2.2 and TabldV.2.4, the behaviour of ethyltin compounds has proved toididyh
influenced by hydrological conditions and waste degradation Sthie.result suggests that
ethyltin are formed within the landfill system, probably vialdgical pathways. During dry
and hot season (campaigns A and C), the biological activity eneeld and the proportion of
ethyltin as well as methyltin rises (Figuié.2.2). Biomethylation pathways [1] have already
been reported in simulated landfills, especially to explain the aawearof Sn(Ch)sX [2] in
leachates(11). Simultaneously to biomethylation, bioethylation mechasis such as

reactions [3] and [4], could thus be hypothesized.

Snxgaueousad [ fIF |, SCH, ) X,™ [1]
SNCH,)X,* O B9 - SnCH,), X, O B9 - SnCH,), X ™ [2]
Snx,* O B -, SHC,H, )X [3]
SHCH,) X, O BI%F - SHCH,)(C,H)X,™ [4]

Biogenic formation of ethyltin species can also be similar to etbhglairocess of mercury
which has been proposed to explain the occurrence of ethylmercusgdiments(25).
Methanogenic bacteria have also shown their capability of produdiagef6), confirming
thus that biogenic ethyl transfer can be mediated by anaerobic bacteria.

In addition, both organic waste degradation and bacterial producéin also lead to abiotic
alkylation mechanisms. Halogenated compounds, dissolved cammizoof organic matter
such as fulvic and humic acids, which are known as methyl-dorf®*28§) or other

organometallic compounds could likewise be ethyl-donors undercgarticonditions. The
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abiotic methylation with methyl donors such as methyl iodides indeed already proposed
for the explanation methyltin compound occurre(2®).

In addition, the process of dealkylation can induce the formatiah- afr mono-substituted
organotin compounds from tri-and di-substituted ones. Duectpdltential sources of the less
substituted species from waste leaching and/or from alkylation, ptlenomenon of
dealkylation can not be clearly observed but it is supposedctar.orhe equilibrium between
dealkylation and alkylation could also be responsible for the stetadg reached by tri-
substituted compounds (Figuié.2.2).

IV.2.4.2.3 Neo-formed volatile species by peralkylation patysva

Formation. In biogases, the two major species are Snjbhd Sn(CH)2(CzHs), whereas
Sn(CH)3(CoHs) and Sn(CH)(C;Hs); are less abundant (Tabl¥.2.3). The presence of
Sn(GHs),4 reported in landfill biogases for the first time, is quantitayivedt significant. The
occurrence of all these species illustrates the fact that methylaticetlayidtion mechanisms
can be completed in landfill systems. Permethylation and peretirylative already been
proposed in landfill to explain the occurrence of methylated anédmxethyl-ethyl species
in biogaseq12-13) The predominance of Sn(@l in biogases could be related to the high
content of trimethyltin in leachates (TaliM.2.2) by the reaction [5], which completes the

“aqueous” methylation mechanism [2].

SnCH,), X aqueous 7 RYGHy Sr(CH3)4gaSeous 5

In the case of the second major gaseous species (9a(CiHis),), two pathways can be
proposed: methylation or ethylation of ionic species. As thesgurce of diethyltin is
guantitatively insignificant in leachates (Tabl¥.2.2), the perethylation of methyltin
compounds such as reaction [6] could be assumed as the mawaypdtr the mixed
methylethyltin species formation.

Sr(CHs)z(Csz)XaqueOUSD Rt Sr(CHg)Z(CZHS)Zgaseous 6]

Additionally, volatile Sn(CH)(C4Hg); found in leachate confirms the agueous methylation
pathway of butyltin species [{18).
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SI’(C4H9)3X aqueous 7 RTGHy | SI’(C4H9)3(CH3) gaseous [7]

In both phases, specific volatile organotin species may aaot runder transalkylation
mechanismg10). For the five biogas samples (B’ and BgR), the Bravais-Pearson
correlation factor between Sn(ghkland Sn(CH)3(C,Hs) is 0.99 (p<0.05) indicating a close
relationship between these two species. A chemical transalkylatbnas reaction [8] could
be proposed as a formation pathway for trimethyl-monoethyiltin.

Sr(CH3)4gaseous+ Y(CZHS)Zr?aseOUS R SF(CH3)3(C2H s)gaseous+ Y(CH3)anaseous [8]

Similarly, the correlation factor between Sn({#C,Hs), and Sn(CH)(C:Hs)s is 0.84
(p<0.05). This statistical data is also highly significanttfes kind of environmental samples.

Chemical transalkylation reaction such as [9] can thus be suggessgefbrmation pathway.

SF(CH3)2 (C2H5)29aseous+ Y(C2H5)Zr?a5e°us N SI’(CH3)(C2H 5)3gaseous+ Y(CH3)Z,?aseouS [9]

This kind of chemical transalkylation pathways has already bassumed under

heterogeneous mode to justify the ethylmercury occurrence aetieytlead contaminated site
(30).

These mechanisms of peralkylation or transalkylation under bealbgr chemical routes

allow the explanation of the occurrence in the biogases of all detgutetes. Nevertheless,
these pathways are only suggested and need laboratory experimentich as those under
simulated landfill conditions, to be confirmed.

Mobilisation. A better understanding of the fate of organotin volatile compoundesndfill
effluents requires the knowledge of potential transfers between leacimatdsogases. The
evaluation of the dissolved volatile species content in leachawwsathe assessment of an
approximate partition between leachate and biogas. The calculatieatuiadtion ratios were
adapted to landfill effluents. The saturation ratio, which defthesdeviation from the gas-
liquid equilibrium, is defined by the formula [10] where Che ttoncentration of the species
in each phase and H the Henry's Law constant (dimensionless. cbhstant defines
especially the equilibrium gas-liquid partition and thus tb&awity of the species. H has
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been calculated at 20°C for each species (T&bl2.3) by using a quantitative-structure-
activity-relationship-based software provided by U.S.E.P.A. (HEWRN v1.90).

(:aqueous
SR= 2% [10]

gaseous

The saturation ratios calculated for each specieth#®o campaign in L.A (Tablg/.2.3) can
illustrate the potential phase transfer of thesecigs. For each landfill cell, the low ratios
(SR<<1) indicate the over-saturation of the biogas relation to the leachate for
Sn(CH)3(C.Hs) and Sn(CH)4. Several hypotheses can be proposed. These speciesbe
formed in the gaseous phase or directly transfetoethe gaseous phase after formation.
Another possibility could be that these species @moved from leachates by biogas
stripping. The cases of Snds), and Sn(CH)(C4Hy)s are particular as these species are not
detected in the gaseous samples but they are ee@teot the purges. Therefore, the
approximate saturation ratios (SR> 1 or =1) arkecdhg a better equilibration between the
gaseous phase and the liquid phase. For theseespuatiich have a higher molecular weight;
their lower diffusivity may avoid effective transfenechanism in both liquid and gaseous
phaseg18).

IV.2.4.3 Evaluation of potential emissions of organotin c@ounds from leachates and
biogases
The risk assessment related to organotin compoumtieilandfill system is contrasted. The
biodegradation processes both produces less tpeites by dealkylation reactions but also
more lipophilic and thus available species by akgh reactions such as methylation or
ethylation. The organotin speciation analysis itheges is required to assess the contribution
of the landfills towards the main organotin pollutisources.
Leachate and biogas average annual concentratmmstiie two landfills are used to evaluate
the potential emissions due to waste disposal kingainto account the annual volume of
leachates and biogases produced. The potentiali@acmatssions extrapolated to the total
MSW disposals in French landfills give a global afit of 40 kg year for total tin and more
especially 3.5 kg (Sn) yearfor organotin compounds. Similarly, extrapolateterieh
atmospheric emissions from MSW landfills are 7 I@n) year for volatile organotin
compounds. These atmospheric emissions are reiativegligible compared to waste
incineration emissions of tin which are estimatéd®@ t (Sn) yeat in Europe(1-2). The

corresponding atmospheric emission factor is 1.(8i) f' of incinerated waste, and is
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therefore 1000 times higher than the one calculatezlir work (0.001 g (organic Sn} of
disposed waste). For incineration, tin is emittader inorganic forms, whereas for landfilling
tin is under organic forms (before treatment). Altgh these estimations show a low input of
organotin from waste disposals in the global madarize of tin emissions, landfill effluents
are contributing to the mobilisation of harmful angptin compounds both in biogases (100%
of total tin) and in leachates (10% of total tiklowever, this diffuse release of organotin
compounds in the environment must be controlledatds to their extremely high toxicity.
According to this, effluents treatment processed Hre removal efficiency of organotin

compounds from leachates and biogases requirecéakpare.
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La mise en ceuvre des protocoles d’analyse de sipécide I'étain dans les lixiviats et I¢
biogaz a permis d’étudier le devenir des espeaganostanniques dans le systéme comp
constitué par les déchets, les lixiviats et legam Sur la FigurdV.2.5 sont indiquées le
especes organostanniques les plus abondantes efafiziviats (MBT, TBT, DMT, TMT,
MET) et dans les biogaz (TeMT et DMDET). Par ailleurstecigure illustre les phénomeén
qui ont été proposés pour expliquer leur préserares des deux effluents : d’'une part

mobilisation a partir des déchets (espéces but@éssno- et diméthylées) et d’autre part

a

les

mécanismes de méthylation et d’éthylation par wdddogique (espéces méthylées et éthylées

ioniques et gazeuses).

4
>MMTET Biométhylation

+ Bioéthylation .

TeMT o TMMET¢

DMDET¢

Sn: étain inorganique
MMT, DMT, TMT: mono-, di-, triméthylétain

MBT, DBT, TBT: mono-, di-, tributylétain

MET, DET : mono-, diéthylétain

TeMT, TMMET: tétraméthyl-,triméthylmonoéthylétain
MMTET, DMDET: monométhyltriéthyl-, diméthyltriéthylétain

FigurelV.2.5 : Représentation schématique d’un CSD efpdesessus a l'origine de la présence des espé

organostanniques dans les lixiviats et les biogaz

Ces
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Conclusion

L'objectif général de cette thése était de car@démualitativement et quantitativement la
présence et le devenir des métaux et des métalldimes les effluents de centres de stockage
de déchets (CSD) ménagers et assimilés. Deux étaypestantes ont été nécessaires pour

atteindre cet objectif: le développement analytiguke suivi des sites d’étude.

La premiére étape a consisté a mettre au poirgtiategies de préparation d’échantillons et
d’analyse des métaux et métalloides dans les atfute CSD. Les protocoles mis en ceuvre
sont représentés schématiquement dans le Schéma LEsl efforts ont été plus
particulierement concentrés sur les lixiviats ¢arexistait pas de protocole spécifiquement
adapté a ce type de matrice.

Les étapes du protocole de préparation des édbastiét d'analyse élémentaire des métaux
et métalloides par spectrométrie de masse a plashi (ICPMS) ont été validées au moyen
de la mise en place d’'un lixiviat de référence dbolatoire évalué par un essai inter-
laboratoire.

Les analyses de spéciation dans les lixiviats ntagalisées sur la détermination des espéces
de l'arsenic et de I'étain, deux contaminants m&jeles lixiviats dont la toxicité des espéces
est variable. Alors que les espéces d'arsenic paude séparées directement en phase
agueuse par la chromatographie en phase liquide@hRes espéces d’étain nécessitent une
étape de volatilisation par alkylation avant leéparation par chromatographie en phase
gazeuse (GC). Une attention toute particuliéreggoéttée sur la préparation des échantillons
afin de simplifier la matrice des lixiviats sansup@utant altérer les formes chimiques. La
séparation de huit especes d’arsenic a été réaiseene colonne échangeuse de cations
(Hamilton PRP-X200). Alors que les pics correspandeAs I, AsV, MMA, DMA, TMAs"

et AsB, sont bien résolus, ceux de TMAO et AsC gmmosent en partie. Pour I'étain, la
méthode développée par GC-ICPMS a permis la sémpardé 9 composés connus (MMT,
DMT, TMT, DET, TET, MBT, DBT, TBT) auxquels s’ajoute trois cposés identifiés dans

un deuxieme temps : le monoéthylétain (MET) et dsamposés mixtes méthyl-éthyl.
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LIXIVIAT

v

PRELEVEMENT : Bouteille 1L Polyéthylene

v

STOCKAGE : Flacon 5mL a -20°C

- ¥

I

| BIOGAZ

\ 4

| PRELEVEMENT : Sac Tedlar (10L)

A 4

DIGESTION :
Sous champ micro-ondes
Acide nitrique

A 4

DILUTION : eau ultrapure
FILTRATION :0.45pm

A 4

DILUTION : eau ultrapure
FILTRATION : 0.45um

A 4

EXTRACTION :
Sous champ micro-ondes
Acide nitrique

v

DERIVATION :
- pH ajusté a 4.9
- Propylborate

- Isooctane

EXTRACTION liquide-liquide :
- Agitation manuelle

- Centrifugation

- Récupération phase organique

A 4

PRECONCENTRATION CRYOGENIQUE
-80°C
- Colonne de laine de verre silanisée

A 4

STOCKAGE : -196°C

\ 4

ANALYSE :
ICPMS

S

ANALYSE HPLC-ICPMS :
- Colonne PRP-X200
- Gradient d’élution : Acide
nitrique et nitrate d’ammonium
- Détection de€’>As

ANALYSE GC-ICPMS :
- Colonne capillaire (Tr-5)
- Gradient de température: de
40°C a 270°C a 30°C/min
- Détection dé18Sn,1195n, 1205

Y

Y

ANALYSE GC-CT-ICPMS
- Colonne remplie
- Gradient de température : -196°C a 250°C

S

ANALYSE
ELEMENTAIRE

ANALYSE de SPECIATION
de TARSENIC

ANALYSE de SPECIATION de
'ETAIN

ANALYSE de SPECIATION des COMPOSES
ORGANOMETALLIQUES VOLATILS

Schéma C.1 Synthése des protocoles analytiqueswunpsint
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Ces deux méthodes d’analyse de spéciation ontafitiées par la comparaison des méthodes
de quantification, a cause du manque de matériagfdeence certifié adapté (matrice proche
des lixiviats). Pour I'arsenic, la méthode par &godiosés a été utilisée en complément de la
méthode d’étalonnage externe. Pour l'étain, soractare multi-isotopique a permis de
compléter les méthodes d’étalonnage externe enmigar la mise en place d’une méthode de
dilution isotopique spécifique et non-spécifique.

Enfin, les compétences du laboratoire pour le pedf@ant et I'analyse d’air ambiant et
d’effluents gazeux ont été mise a profit dans lendime des biogaz. La méthode de
prélevement dans les sacs Tedlar a été choisiegaosimplicité de mise en ceuvre. Le choix
de la température de pré-concentration a -80°Céageidé par les caractéristiques de la
matrice, riche en méthane et en dioxyde de carddaralyse par chromatographie en phase
gazeuse avec piege cryogeénique couplée a I'lCPNSrais la détection, I'identification et la
semi-quantification de nombreuses especes méthyé¢esthylées d'arsenic et d'étain
simultanément.

Ainsi, cette premiére partie a abouti a la miseplrte de méthodes et d’outils analytiques
spécifiguement adaptés a I'analyse des métaux tetlloides dans les effluents de CSD. Tout
au long du développement analytique, notamment gaurspéciation, une attention
particuliére a été portée sur la préservation édehintillon afin d’assurer la représentativité
des résultats.

La deuxieme étape de ces travaux a consisté auislivi des métaux et métalloides dans
les effluents de deux CSD aquitains. Deux échédlagporelles ont pu étre considérées avec
d’une part le suivi saisonnier et d’autre partdgispluri-annuel.

Cing campagnes de prélévement des lixiviats ontégksées durant 'année 2004-2005 sur
un des deux CSD. L’évaluation de I'enrichissemetdtif des lixiviats par rapport au bruit de
fond hydrologique a mis en évidence quatre contantf: I'arsenic, I'étain, I'antimoine et le
chrome. Ces éléments se sont révelés présentercarsetéristique commune : leurs
concentrations sont largement dépendantes des @mesmclimatiques tels que les
précipitations et les températures. L'étude plugr@iondie des espéces de l'arsenic et de
I'étain a permis de préciser leurs variations gagres. Comme lillustre le Schéma C.2, il
ne s’agit pas simplement d'une dilution ou d’unencantration des lixiviats au gré des
conditions climatiques. Ce phénomene est en effeplé a la formation d’especes par des

processus liés a l'activité biologique dans le nfiades déchets. Les especes supposées étre
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présentes dans les déchets sont, pour l'arsericedpeces inorganiques (As(OH) sur le
Schéma C.2) et pour I'étain, les espéces butyléesreaines espéces méthylées (Sn(Bu) et
Sn(Me)). Ainsi toutes les autres espéces détedi@es les lixiviats sont considérées comme
nouvellement formées durant la dégradation desedgch s’agit pour I'arsenic des especes
meéthylées (As(Me)) et pour l'étain des especes Iétsy (Sn(Et)) et meéthylées. Les

proportions des espéces nouvellement formées papmaaux espéeces originelles (Schéma
C.2) calculées lors des périodes climatiques claugibat toujours supérieures a celles

calculées lors des périodes climatiques froides.

| PERIODE CHAUDE ' | PERIODE FROIDE '
précipitations faibles + précipitations soutenues +
températures élevées = températures faibles =
Volume de lixiviats faible Volume de lixiviats élevé

PHENOMENE MAJORITAIRE
Activité biologique Lixiviation des déchets

6 Concentrations élémentaires * @ Concentrations élémentaires

Proportion espéces néoformées Proportion espéces originelles

As(Me) / As(OH) = 1.7

As(Me) / As(OH) = 1.3

Sn(Et) / Sn(Bu) = 1.2 Sn(Et) / Sn(Bu) = 0.5

Sn(Me) / Sn(Bu) = 1.3

Lixiviation des déchets Activité biologique
PHENOMENE MINORITAIRE

Schéma C.2 Représentation des variations saisesrd@s métaux et métalloides dans les lixiviats

Sn(Me) / Sn(Bu) = 1.2

Le suivi combiné des especes de I'arsenic et daif@ans les lixiviats a donc mis en exergue
I'alternance de deux phénomeénes liés aux condittbmatiques pour expliquer les variations

des concentrations : lors des périodes chaudesla'taymation d’espéces nouvelles régie par
I'activité biologique qui est le phénoméne prépaadé alors que lors des périodes froides

c’est la lixiviation des déchets qui est le phénonengnajoritaire.

-162 -



Conclusion

Par ailleurs, lapproche complémentaire d’analyséadspéciation des composés de I'arsenic
et de I'étain a la fois dans les lixiviats et lésgaz a mis en évidence l'influence de I'état de
dégradation des déchets sur la composition desieetf. Le Schéma C.3 représente

I'évolution des lixiviats et des biogaz en fonctide la dégradation des déchets.

FORTE PRODUCTION
de composés

organométalliques

volatils

Volume des effluents

0()

D

o o " “w
A Faible |quantité

E de cdmposés
- organonjétalliques
= yolatils ,____

Faible
PRODUCTION
de composés
organométalliques

plus,substi

FORTE LIXIVIATION
d'éléments et d'espéces
originelles
+
FORTE PRODUCTION
d'espéces néo-formées

PRODUCTION

d'espéces néo- Volume des
formées plus lixiviats et des
e substituées biogaz

/" LIXIVIATION
! d'éléments et '

X d'espéces ; Métaux disponibles + Conditions anaérobies +
. originelles ‘ , ,
- e Conditions anaérobies + Milieu réducteur +
Métaux disponibles + Milieu réducteur + Appauvrissement en métaux
Conditions aérobies Populations microbiennes Populations microbiennes
Stade T Stade IT Stade IIT -

Dégradation croissante des déchets dans le casier

Schéma C.3 Représentation de I'évolution de la amitipn des lixiviats et des biogaz en fonctior'éeat de

dégradation des déchets

Les deux phénomenes décrits précédemment a I'échehuelle sont extrapolés ici sur la
durée de vie d’'un casier.

- Stade | : parmi les casiers qui ont bénéfici@asadsuivi, aucun n’était a un stade initial de
dégradation des déchets. Les processus majeurseinéat lors de la formation des lixiviats
et des biogaz n’ont donc pas été vérifiés par Reaeade ces deux effluents. On peut supposer
gue comme les conditions anaérobies et réductmeessont pas atteintes a la fin du
remplissage des casiers, la production d’espéganomeétalliques dans les lixiviats comme
dans les biogaz est un phénomene minoritaire.

- Stade Il : une fois que les conditions anaérobtegductrices sont réunies, les populations
microbiennes susceptibles de produire des espé&gasamnétalliques peuvent alors enrichir

les effluents en espéces alkylées. Les mécanismdsiainéthylation et de bioéthylation
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permettent d’expliquer la présence de toutes lp8ces qui ont été détectées dans les lixiviats
et les biogaz. Le caractére « biologique » de césamismes peut inclure de nombreux
phénomenes comme le transfert d’alkyl intraceltelaiu bien I'alkylation par des composés
biogenes provenant de 'activité bactérienne edla dégradation de la matiere organique.

- Stade Il : lorsque I'état de dégradation avarleeproduction de lixiviats et de biogaz
diminuent graduellement et le massif de déchefgpsiavrit en métaux. Dans les effluents, la
proportion des especes plus substituées augméepeutiétre suggéré que leur formation est
favorisée du fait de 'augmentation du temps dedetxe des especes dans le massif de
déchets.

Les émissions de composés organométalliqgues p&3SeExslors de la phase intermédiaire de
dégradation des déchets sont susceptibles d’éaitajivement importantes aussi bien dans
les milieux aquatiques que dans I'atmospheére. Dansontexte plus large de développement
de nouvelles techniques comme le pré-traitemenbdigue ou la recirculation des lixiviats,
on peut supposer que la dégradation des déche&éwsmx par une activité biologique
importante pourra engendrer une forte productioncomposés organométalliques. Selon
I'élément considéré, cela pourra se traduire paraugmentation, comme pour I'étain, ou une

diminution, comme pour l'arsenic, de la toxicité fmformation de nouvelles especes.

Ces travaux de these novateurs dans le domainaidudes métaux et métalloides dans les
effluents de CSD ouvrent un large champ de persgsctDeux principaux axes de recherche
pourraient étre envisagés par la suite. Tout d'gbtesl efforts pourraient porter sur le
développement de I'analyse de spéciation de I'asitimet du chrome dans les lixiviats. En
effet, ces deux éléments présentent de fortes ntmatiens dans les lixiviats et, comme pour
I'arsenic et I'étain, leurs formes chimiques soatactérisées par de grandes différences de
toxicité.

Dans un deuxieme temps, la reproduction a I'éch@ltde des conditions de dégradation des
déchets pourrait permettre de vérifier la validles hypothéses proposées pour expliquer la
présence des especes organométalligues dans Ileseffluents. L’utilisation de traceurs
isotopiques, comme par exemple les espéces d'@anchies isotopiquement, serait
particulierement intéressante pour observer etiggetes voies de transfert des especes entre
les déchets, les lixiviats et les biogaz.
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Annexe 1 : Récapitulatif des campagnes de préleventesur les deux CSD

Campagnes de prélevement et effluents prélevéixiviat, B :biogaz)

Casiercsi':mplissage 10/01/2005 04/07/2005 08/12/2005  29/05/2006
LAl 1995-2000 L L L L+B
LA2 2000-2001 L L L L+B
LA3 2001-2002 L L L L+B
LA4 2002-2003 L L L L+B
LAS 2003-2004 L L L

LAG6 2004-2005 L L

CSDB 12/10/2004 25/04/2005 11/07/2005 22/09/2005 6/122005
1999-2002 L L L+B L L

- 174 -



Annexes

Annexe 2 : Concentrations élémentaires en pg'ldans les lixiviats provenant des casiers

de CSDA
Campagne du Casiers de CSDA
10/01/2005 LA1 LA2 LA3 LA4 LA5

Cd 0.04 +0.05 0.17 +0.03 0.17 +0.05 0.17 +0.09

Se 1.4 +0.09| 0.5 +0.15 25 +0.1 1.7 +0.1 2.1 +0.1

Pb 2.4 0.4 | 0.3 1.2 | 6 4 +1 3 +1

Sb 1.3 +0.1 | 0.7 0.1 3 +1 5 +1 3.7 +0.4

Cu 55 2.2 | 24 2.0 | 11 13 29 112 11 14

As 12.5 +0.1 | 10.8 +0.2| 319 0.5 50 +0.8 41 +1

Zn 12 12 65 51 62 17 84 +3 34 +11

Mn 324 17 641 16 271 18 341 19 719

Sn 21.6 +0.7 | 2.9 +0.9| 20 +1 95 12 16 +3

Cr 74 14 42 13 161 7 500 +10 145 45

Al 1404  £11 562 3610 +143| 3112 +164 2169 +57

Sr 434 16 1183 16 1073 36 1415 26 1183 12

Fe 26774 +260| 6168 2899 +184 2695 +333 8144 166

Campagne du Casiers de CSDA
04/07/2005 LAL LA2 LA3 LA4 LAS LAG

Cd 0.07 0.02| 14 +0.1| 0.07 +0.00 0.03 +0.p1 0.22 0.0&8 | 0.07 +0.01
Se 2.6 +0.2 | 3.0 0.2 1.1 +0.2| 1.3 +0.2 43 +0.4 0.40.4
Pb 2.9 +0.5 | 12 +1 2 +1 2 +1 6 +1 9 2
Shb 72 +1 6.2 +0.4 | 1.00 +0.04 0.95 +0.01 8.8 +0.2 .610+0.2
Cu 30 17 42 +27 6 7 14 7.8 +0.4 120 25
As 315 +04 | 35.34 +0.01 19 +1 17 +1 68 12 5 +0.5
Zn 27 +16 124 +38 18 122 14 11 77 +35 333 45
Mn 275 18 450 +3 515 13 291 19 801 5 1.58 +0.04
Sn 12 +3 42 17 2 +1 1.2 +0.1| 18 +1 09 0.1
Cr 326 19 383 +1 36.6 +0.1| 17 +1 192 12 3.2 0.2
Al 1623 41 3836 42 434 19 542  +326 2438  +47 31 5#1
Sr 562 11 1385 3 1120 7 840 25 1177  #1 3 +1
Fe 1950 23 15790 22 14479 12 1463 15 51156 90861 52

-175-



Annexes

Annexe 2 (suite)

Campagne du Casiers de CSDA
08/12/2008 LA1 LA2 LA3 LA4 LAS LAG

Cd 0.22 +0.01 0.15 +0.0D.25 +0.050.42 +0.060.30 +0.170.110 =+0.001
Se 09 0.1 | 055 +0.09.63 +0.013.7 03|23 +0.1] 0.12 +0.05
Pb 50 +3 10.1 0.1] 4 +1 8 10 4 t1 63 53
Sb 186 16 28 0.2 1.8 0.1 8.7 02 7.1 0.1 35 +1
Cu 120 +1 10.6 0.1 11.6 0.4 19 +1 7.3 +02 525 7+#2
As 79 14 13 +1 17 +1 89 12 46 +1 4.7 0.2
Zn 163 16 27 17 20 14 132 16 29.1 102 130 7
Mn 409 43 671 £17 | 1198 1 333 2 850 2 1.7 0.2
Sn 21 1 04 0.1 0.6 +0.1 86 12 99 0{3 0.9 0.1
Cr 203 1 5 13 6 +1 653 2 109 45 1.3 0.7
Al 1139 +1 241 #1 526 +97| 3469 21 815 +14 40 +39
Sr 535 #1 355 16 768 +16| 1368 4 1218 43 1.1 +0.2
Fe 2595 +34 | 6122 +118 25808 +116 2133 5 3156 +84 5 +24
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Annexe 3 : Concentrations élémentaires en pgLdans les rejets au milieu naturel pour

les deux CSD (campagnes de prélevement de décemb@d5s)

Rejet au milieu naturel aprés traitement sur site

Site CSDA CSDB
Traitement osmose inverse physico-chimique et biglee
Cd 0.09 +0.02| 0.10 +0.05
Se 0.2 +0.1 | 0.35 +0.02
Pb 7 13 2.5 0.1
Sb 1.2 +0.1 | 2.3 0.1
Cu 15 +1.2 | 8.1 1.0
As 0.6 +0.1 | 83 +0.4
Zn 9 13 16.6 +1.9
Mn 3.5 +0.1 | 518 +11
Sn 0.3 0.2 | 1.4 +0.2
Cr 0.7 +0.1 | 17 +1

Al n.d 155 +36

Sr 6.9 +0.1 | 672 16

Fe n.d 1069 1167
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Annexe 4: Ordre de grandeurs des concentrationsng m®) en composés organo-

métalliques volatils dans les biogaz provenant deleux CSD

Ordre de grandeur des concentrations (iy m

i Especes
Elément . CSDA CSDB
proposées
LAl LA2 LA3 LA4
SeMe ~10 ~200 ~10 ~1500 ~50
Se SeEtMe n.d. ~50 ~1 ~100 n.d.
SeE$ n.d. ~10 ~1 ~50 n.d.
Sb SbMe ~1 ~30000 ~15000 ~35000 ~1
Bi BiMes ~0.5 ~50 ~10 ~100 ~0.1
- TeMe, ~1 ~300 ~100 ~1000 n.d.
e
TeMeEt n.d. ~1 ~1 ~5 n.d.
Hg° ~10 ~10 ~50 ~50 ~5
Hg
HgMe, ~0.5 ~1 ~1 ~5 ~1
PbMe, ~0.1 ~0.5 ~0.1 ~0.1 ~1
PbMeEt n.d. ~0.1 n.d. ~0.1 ~0.1
Pb PbMeEt, n.d. n.d. n.d. n.d. ~0.1
PbMeE§ ~0.1 ~0.1 ~0.1 n.d. ~0.5
PbEt, ~0.5 ~0.5 ~0.5 ~0.5 ~5
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Annexe 5 : Parametres physico-chimiques des lixivigprovenant des casiers de CSDA

Campagne du 10/01/2005

Casiers de CSDA

LA1 LA2 LA3 LA4 LA5
pH 7.9 7.8 7.7 7.7 7.7
Carbone organique total (COT) (mgC)L 389 300 915 858 792
Carbone inorganique (CI) (mgC'L 833 564 1157 1227 836
Na" (mg LY 1263 725 1864 1586 1239
K*(mg LY 532 295 814 801 670
Cl' (mg LY 1514 599 2070 1880 1368
Br (mg L% 15 4 8 7 7
F (mg LY 2 0.3 1 1 n.d
SO” (mg LY 33 n.d 16 33 48
NO; (mg L") 1 11 n.d 2 n.d
*PQO* (mg LY n.d n.d n.d 26 n.d
Campagne du Casiers de CSDA
04/07/2005 LAL LA2 LA3 LA4 LAS LA6
pH 8.6 7.7 75 7.7 7.7 7.6
COT (mgC L) 1763 1914 1395 1385 807 3778
Cl (mgC LY 691 743 292 378 879 59
Na’ (mg L") 929 862 294 392 938 33
K*(mg LY 785 740 337 426 1127 4
Cl'(mg LY 1430 1132 230 348 1463 9
Br (mg L% 12 4 1 2 7 n.d
F(mgL" 0,3 0,3 n.d n.d 1 27
SO (mg LY 106 65 16 21 145
NO; (mg L") 2 n.d n.d 2
*PQO* (mg LY n.d 5 n.d n.d n.d n.d
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Annexe 5 (suite)

Campagne du

Casiers de CSDA

08/12/2005 LAL LA2 LA3 LA4 LA5 LA6
pH 7.7 6.9 6.6 7.8 7.3 7.6
COT (mgC L 1000 1285 1247 2198 1560 1690
Cl (mgC LY 347 120 196 1520 752 315
Na" (mg LY 359 63 98 1258 710 16
K*(mg LY 316 80 134 1403 797 4
Cl' (mg LY 393 54 64 2186 926
Br (mg L% 1 n.d n.d 7 5 n.d
F (mg LY n.d n.d n.d 1 0,3
SO” (mg LY 224 54 323 35 44
NO; (mg L") n.d 18 n.d 5
*PQO* (mg L") 5 n.d n.d 46 n.d

-180 -



Annexes

Annexe 6 : Exemples de chromatogrammes des compos#tganométalliques dans les

biogaz
CSDA casier 1
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Intensiité du signal (cps)

Annexes

CSDA Casier 4
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Suivi des métaux et métalloides dans les effluerds centres de stockage de déchets : spéciation
et devenir des composés de I'arsenic et de I'étaiians les lixiviats et les biogaz

Résumé :

Les centres de stockage de déchets (CSD) ménageassimilés constituent encore une filiere de
gestion tres répandue Ce sont de véritables «shaitéres » dans lesquelles des phénoménes
physiques, chimigues et biologiques interviennemulkanément. Deux effluents sont produits au
cours de la dégradation des déchets : les lixieialss biogaz. Méme si le contact entre les eftiet

le systéme environnant est limité, leur suivi eltassaire pour améliorer leur traitement et préveni
les risques sanitaires et environnementaux. Ceaitraveu pour objectif de mettre en place des
méthodologies analytiques adaptées aux métaux &llloides afin d’étudier leur devenir dans les
effluents de CSD. L’étude approfondie de l'arseffis) et de I'étain (Sn) a été motivée par leur
présence dans les déchets (verres, composantdiqouéts| plastiques), par leur existence sous forme
de nombreuses especes et par la toxicité avéréerdénes de leurs formes chimiques. L'optimisation
des protocoles d’analyse de spéciation de As elé®is les deux matrices complexes a permis leur
suivi au sein des CSD en intégrant les caractguisti des sites et les données climatiques. La
répartition des espéces a été examinée en tenampteale leur occurrence initiale dans les déchets.
Des processus de formation et de mobilisation tihpeoposés pour expliquer leur présence dans les
deux effluents : d’'une part la mobilisation & pades déchets (espéces inorganiques de As et Sn,
especes butylées et mono- et diméthylées de Staudte part la méthylation et I'éthylation par @oi
biologique (especes méthylées de As et especeylédedhet éthylées de Sn, ioniques et gazeuses).
Mots-clés :Arsenic - Etain - Lixiviat - Biogaz- Déchets- Méthtion — Ethylation.

Metal and metalloid monitoring in landfill effluents: speciation and fate of arsenic and tin
species in leachates and biogases.

Abstract:

Landfilling is still nowadays the most used waynafinicipal solid waste (MSW) management with
incineration. MSW landfills remain « black boxesm which physical, chemical and biological
phenomena interact simultaneously. Two effluents produced during the waste degradation:
leachates and biogases. Even if there are limitadtact between effluents and the surrounding
ecosystem, effluent monitoring is required to inyardheir treatments and to prevent sanitary and
environmental risks. The aim of this work was toalep the methodologies to analyse metals and
metalloids in order to assess their fate in lahdffluents. The focus on arsenic (As) and tin (&a}p
motivated by their presence in the municipal salidstes (glasses, metals, plastics) and in the
effluents, and by the difference of toxicity betwetneir species. The development of speciation
analysis protocols for As and Sn in the two compigatrices has aimed to their monitoring in the
effluents by integrating landfill characteristiasdaclimatic conditions. The occurrence of the sp&ci
has been examined by taking into account their rpiaiepresence in the wastes. Formation and
mobilisation processes were proposed to explainr thecurrence in the two effluents: first,
mobilisation from the waste (inorganic species af @#nd Sn, butylated and methylated Sn), then
methylation and ethylation reactions through biaabpathway (methylated As and Sn, ethylated Sn,
ionic and gaseous).

Key-words: Arsenic - Tin - Leachate- Biogas- Waste- MethylatioEthylation.



