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RESUME

Ie drainage minier acide (DMA) fortement concentré en fer (>500 mg/L) est fréquemment
retrouvé dans les mines en activité et fermées, qui exploitent ou ont exploité des gisements
riches en sulfures de fer. Le traitement de ce type de DMA ce fait traditionnellement dans des
usines utilisant des méthodes actives. Toutefois, pour les mines fermées ou abandonnées, la
construction et le maintien d'usines de traitement ne constituent pas une solution
environnementale acceptable 3 long terme. Les traitements passifs, peu demandant en
maintenance et en énergic, deviennent alors une alternative intéressante. De plus, les
systémes de traitements passifs utilisent des matériaux naturels ou des déchets et permettent,
dans plusieurs cas, d’atteindre une qualité¢ d’eau comparable i celle que 1’on retrouverait en
sortie d’usine de traitement.

Toutefois, dans le cas ot des drainages miniers acides fortement contaminés en fer sont
traités, les traitements passifs peuvent avoir des performances limitées. Des études récentes
de Neculita (2008) et Potvin (2009) ont montré que les biofiltres passifs sulfato-réducteurs
(BPSR) et les drains calcaires (oxiques ou anoxiques nommés DCO et DAC respectivement)
ne permettent pas de traiter efficacement des DMA ayant des concentrations en fer de plus de
500 mg/L.. Dans une de ces études, le biofiltre passif sulfato-réducteur 8’est méme colmaté a
cause des précipités de fer.

Etant donné que 1'utilisation seule de BPSR ou de drains calcaires ne permet pas d’atteindre
un niveau de traitement acceptable, 1’ objectif principal de cette étude est donc de déterminer
quelle serait 1a fili¢re de traitement optimale afin de traiter un DMA fortement concentré en
fer (autour de 4000 mg/L). L objectif secondaire est aussi de transposer les résultats obtenus
en laboratoire afin de construire une filiére de traitement sur le terrain. Pour atteindre ces
objectifs, e travail de laboratoire a ¢té divisé en trois grandes thématiques. Dans un premier
temps, les matériaux utilisés dans la fili¢re de traitement (matériaux organiques ¢t cendres de
bois) ont été caractérisés de fagon a connaitre leurs propriétés physiques (capacité d’échange
cationique, surface spécifique, densité, granulométrie, par exemple), chimiques (carbone
organique total et azote total entre autres) et microbiologiques (dénombrement des bactéries
sulfato-réductrices par exemple). Par la suite, des tests batch ont permis de déterminer leurs
capacités de sorption du fer et les cinétiques de sorption. La seconde partie consiste ensuite a
déterminer les efficacités de traitement des matériaux, ayant le plus grand potentiel sclon les
tests batch, dans des colonnes d’environ 10 L. Cette étape permet de comprendre 'efficacité
de chaque type de traitement pris séparément. Le comportement hydraulique a long terme est
aussi ¢valué grace a la mesure de la conductivité hydraulique saturée. Suite a ces résultats,
une filiere de traitement a été proposée. Dans la troisiéme et derniére étape de laboratoire, la
filiére de traitement est testée dans un réacteur de 2 m’. Ce dernier essai permet de valider la
solution testée en colonne pour traiter le DMA fortement chargé en fer. Les résultats du test
en réacteur de 2 m® permettent également de concevoir la filiére de traitement sur le terrain.

Les essais en laboratoire ont permis de proposer une filiére de traitement qui serait composée
de trois parties. Premiérement, un biofiltre passif sulfato-réducteur (fumier de wvolaille,
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copeaux ¢t sciure de feuillus, compost végétal, sédiments, urée et 50% en masse de calcite
finement broyée) permettrait de necutraliser 1'acidité ¢t de retenir une partic des métaux
dissous. La seconde section de traitement serait composée par des cendres de bois de
cogénération en raison de leurs forts pouvoirs de sorption du fer. Enfin, un second biofiltre
passif sulfato-réducteur serait placé en dernier afin d’agir comme étape de polissage et pour
¢liminer les métaux résiduels. L’étude hydraulique a aussi montré que le systéme n’a pas vu
sa conductivité hydraulique saturée réellement diminuer durant les essais en laboratoire. Ceci
tend 4 démontrer que les phénoménes de colmatage seraient limités dans les conditions de
laboratoire. I.’essai en réacteur de 2 m’ permet aussi de valider la solution proposée dans les
¢gsais en colonne. Enfin, les résultats obtenus en laboratoire ont permis de construire une
filiére de traitement de 160 m” environ (pour un temps de rétention hydraulique de 12 jours et
pour un traitement de 5 L/min) sur le site minier Lorraine (Témiscamingue, Québec) qui est
un site minier restauré mais générateur d’un DMA riche en fer (2500 mg/L en octobre 2011).

Ie présent projet a donc permis d’approfondir les connaissances lides au traitement des DMA
fortement concentrés en fer (>500 mg/L) avec des filiéres de traitement passif. De plus,
I'utilisation des cendres de bois dans la filiére de traitement est aussi un apport scientifique
non négligeable. Enfin, les connaissances et la méthodologic acquises lors de cette étude
scront applicables & d’autres sites miniers abandonnés ou fermés.

Mots clés : drainage minier acide, fer, systémes passifs, filiére de traitement, biofiltre passif
sulfato-réducteur, cendres de bois.



CHAPITRE 1

INTRODUCTION

I’ activité miniére soutenue au Québec laisse et a laissé de nombreux sites de stockage de
stériles (haldes i stériles) et de résidus miniers (parcs a résidus) a travers le territoire. On
estime a plus de 1420 hectares 1’aire totale des sites miniers abandonnés dans la région
Abitibi-Témiscamingue-Nord-du-Québec  (Bussiére, 2010). Ces rejets peuvent s’avérer
chimiquement instables lorsquexposés aux conditions atmosphériques. 1. effluent résultant
des réactions chimiques et biologiques avec 1’eau et I’oxygene s appelle le drainage minier
(e.g. Aubertin et al., 2002, Bussiére et al., 2005). Ce drainage minier peut étre redéfini en
trois catégories suivant le pH de ’cau : le drainage minier acide si le pH est inféricur 4 6, le
drainage neutre contaminé si le pH est compris entre 6 et 9 et le drainage alcalin si le pH est

supéricur a 9 (Aubertin ct al., 2002).

1.1 Problématique du drainage minier acide

Les stériles ou résidus sont habituellement stockés dans des aires d’entreposage situces a
proximité de la mine et peuvent couvrir des superficies de plusieurs dizaines d’hectares
{Bussiére et al., 2005). Lorsqu’il v a présence de minéraux sulfureux dans les rejets (la pyrite
par exemple), les éléments atmosphériques (eau, air) conduisent a 1’oxydation des résidus. 1
v a alors production d’acide sulfurique (H,SO,), d’ott une diminution du pH favorisant
également la lixiviation de métaux toxiques présents dans les résidus (Akcil et Koldas.,

2006). Ce phénoméne s’appelle l¢ drainage minier acide (DMA).

Le DMA est le fruit d'une série de réactions chimiques et biochimiques (¢.g. Kleinmann ¢t
al., 1981; Ritcey, 1989; Blowes and Ptacek, 1994; Evangelou, 1995; Perkins et al., 1995;
Morin et Hutt, 1997). On peut résumer la formation du DMA en combinant toutes les

réactions chimiques et biologiques dans 1’équation [1-1] suivante (Kleinmann et al. 1981):

[1-1] FeS, +15/40, +7/2H ,0 — Fe(OH ), + 2H,50,



Le DMA est une source importante de pollution des eaux et peut avoir des effets dévastateurs
sur l'environnement. Il peut entrainer l'acidification de lacs et de rivieres (Espana et al.,
2006), compromettant ainsi la vie des plantes aquatiques ¢t des autres organismes vivants
dans I'eau ou sur les rives (Grout and Levings, 2001). Par lessivage acide, certaing métaux
lourds peuvent é&tre relichés (Lei et al, 2010) et devenir biodisponibles dans la chaine
trophique, menagant ainsi la santé¢ ¢t méme la vie des organismes biologiques (Zis et al.,

2004, El Khalil et al., 2008, Alvarcz-Valero ct al., 2009).

Le DMA constitue un probléme a long terme, car il peut persister dans l'environnement
jusqu’d 1’épuisement des minéraux sulfurcux présents dans les rejets miniers. Lorsque le
processus est amorcé, il devient presque impossible de 1’arréter, d’ou Uintérét de trouver des
méthodes de traitement des effluents et de contrdle des réactions menant au DMA (Bussiere

et al., 2005).

1.2 Traitement du drainage minier acide

Dans le cas ou le drainage minier acide n’cst pas commencé, il est possible de prévenir sa
formation a la source (Johnson et Hallberg, 2005). Les solutions envisagées ont pour but
principal de limiter I’apport d’'un ou plusicurs des ¢éléments constitutifs de 1a réaction de
génération du DMA, soit 1’oxygéne, 1’eau ou les sulfures (voir Aubertin et al., 2002, pour
plus d’informations sur les méthodes de contréle du DMA). Ainsi I'oxydation des sulfures

reste contrélée.

Dans le cas de sites générateurs de DMA ot 1’on n’a pas limité le probléme i la source, il
faut recucillir les effluents miniers et les traiter afin de minimiser les impacts sur
I'environnement. La réglementation au Québec impose les limites suivantes aux effluents
finaux par la Directive 019 sur I’industrie miniére : 0.2 mg/L. pour As, 0.3 mg/L pour Cu, 3
mg/L pour Fe, 0.5 mg/L pour Ni et Zn, 0.2 mg/L pour Pb ¢t un pH compris entre 6 ct 9 (les

valeurs données ici sont des moyennes annuelles, Directive 019, 2005).

Il existe deux principaux types de traitement des eaux miniéres contaminées par le DMA
(Johnson et Hallberg, 2005): les systémes actifs et passifs. Chacun de ces deux types de
traitement cst ensuite subdivisé en traitement biologique et abiotique tel que présenté a la

Figure 1.1.
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Figure 1.1. Stratégies biologiques ct abiotiques de traitement du DMA (adapté de Johnson et
Halberg, 2005)

A la fermeture d’une mine, il devient difficile de justifier le traitement actif & perpétuité,
particuliérement dans le contexte du développement durable. C’est pourquoi les systémes de
traitement passif deviennent de plus en plus une alternative intéressante. En effet, ces
systémes sont peu gourmands en énergie, utilisent des matériaux naturels ou des déchets et
représentent un coilit d’investissement en capital faible en comparaison des usines actives
{(Melanson, 2006). Ce type de traitement se base sur des réactions chimiques et biclogiques
que I’on trouve dans la nature et est opéré sans ajout de réactifs en continu (Gazea et al.,
1995). Les traitements passifs peuvent &étre subdivisés en deux catégories que sont les
traitements abiotiques (drains calcaires par exemples) et biologiques (marécages a/ana-
érobies et les biofiltres passifs sulfato-réducteurs BPSR par exemples) (Johnson et Hallberg,
2005, Neculita et al., 2007). Les traitements passifs sont présentés sommairement dans le
Tableau 1.1. Quant aux traitements actifs (qui ne font pas partic des sujets traités dans cetie
thése), le lecteur intéressé peut consulter les références suivantes : Aubertin ¢t al., 2002,
Alkcil et Koldas, 2005, Johnson et Hallberg, 2005, Kalin et al., 2006, Silveira et al., 2009.



Tableau 1.1. Fonctionnement des différents traitements passifs du DMA

Traitement Mode d’action Effets
Drain anoxique Dissolution du calcaire en Augmentation de alcalinité,
calcaire conditions anoxiques diminution de "acidité, formation de

Drain calcaire oxique
et chenal calcaire

Cascade pour
aération

Marais aérobie

Marais anaérobie

Bioréacteur

sulfato-réducteur

Barriére perméable
sulfato-réductrice

Les systémes de
production successifs
d’alcalimité

Sorption (towrbe)

Dissolution du calcaire en
conditions aérobies

Aération de I’effluent

Aération de I"effluent par les
plantes, adsorption et
bioaccumulation

Milieux réductewr favorisé parla
présence de matiére orgamaque
dans le marais (Idem
bioréacteur)

Dégradation concomitante de la
matiére organique contenue dans
le réacteur et réduction des
sulfates de I’effluent en sulfure
d’hydrogéne

Dégradation concomitante de la
matiére organique contenu dans
le réacteur et réduction des
sulfates de I’eau souterraine en

sulfure d’hydrogéne

Combinaison du drain anoxique
et du bioréacteur sulfato-
réducteur. Constitués d’ une
couche de calcaire et d’une
couche de matiére organique

Adsorption, chélation, échange
d’ions

précipités métalliques en sortie du
drain

Augmentation de ["alcalinité,
diminution de 1’acidité, formation de
précipités métalliques dans le drain

Oxydation et précipitation des
métaux

Dimmution de la quantité de métaux
en solution par des mécanismes
d’oxydation et d"hydrolyse

Précipitation des métaux en sulfures
meétalliques par des bactéries sulfato-
réductrices

Augmentation de I"alcalinité,
diminution de 1"acidité, précipitation
des métaux en sulfires métalliques
par des bactéries sulfato-réductrices
associées a la matiére organique,
sorption, coprécipitation, échange
d’ions

La différence réside dans la
conception, la barriére perméable
sera plutét utilisée dans le cas de
contaminations souterraines

Le terme successif est utilisé étant
domné que le calcaire va augmenter le
pH et "alcalimité et la matiére
orgamique, par I'intermédiaire des
BSR, va précipiter les métaux et
produire de 1’alcalinité

Diminution des métaux en solution

Adapté de Gazea et al., 1995, Cravotta et Trahan, 1999, MEND, 1999, Gusek, 2001, URS
Report, 2003, Luptakova et Kusnierova, 2005, Champagne et al., 2005, Johnson et Halberg, 2005,
Skousen et Ziemkiewicz, 2005, Neculita et al., 2007, Neculita et al., 2008a.




1.3 Sites miniers typiques québécois générant du drainage minier acide

Les aires de stockage de rejets de mine de métaux de base et de métaux précicux contiennent
trés souvent au Québec des sulfures de fer. Par conséquent, si aucune précaution n’est prise
lors du stockage, ces rejets peuvent générer, dans certains cas, du DMA trés contaming

notamment en fer, entrainant dés lors une trés forte acidité métallique.

Beaucoup de sites miniers québécois a restaurer ou déja restaurds se situent dans la région de
I’ Abitibi-Témiscamingue. Par exemple, les sites Manitou (200 ha), Aldermac (76 ha),
Lorraine (22 ha), Barvue (40 ha) et East Malartic (500 ha) représentent plus de 50% de la
superficie totale des sites miniers abandonnés du Québec (Cyr, 2005). Dans la suite de cetie
sous-partie, on présente succinctement trois de ces sites miniers abandonnés' abitibiens, soit

les sites Lorraine, Manitou et Aldermac (Tableau 1.2).

La principale observation qui ressort 4 1a lecture du Tableau 1.2 est que les concentrations en
fer et en sulfates sont trés importantes (plus de 1450 mg/L pour le fer et plus 3150 mg/L pour
les sulfates); ces concentrations sont typiques des sites muiniers sulfureux en Abitibi-

Témisacamingue.

! Un site minier inactif est qualifié d'abandonné en vertu de la Loi sur les mines lorsque aucun
responsable n'est en mesure d'en entreprendre la restauration, soit parce que les responsables n'existent
plus légalement ou qu'ils n'ont plus les ressowrces financiéres nécessaires (Cyr, 2008).



Tableau 1.2. Synthése des qualités de DMA (concentration en fer et sulfate en mg/L)

provenant de trois sites miniers abandonnés en Abitibi-Témisacamingue

Nom Abandon  Principaux Qualité du DMA Restauration Références
du site sullures des pH Fer Sulfate
résidus
Lorraine 1968 Chalcopyrite 3 3150 8100 (en  Couverture a Dagenais et
Pyﬂf i (en 1999) effet de barriere  al. (2005),
gzrlftl;nijﬁe 1999) capillaire et Potvin
drains (2009),
dolomitiques Bussiére et
en 1998 al. (2009)
Manitou 1978 pyrite 2.3 20000 110000  Recouvrement  Cyr (2005),
(essai (essalen  monocouche Gosselin
en cellule avec résidus (2007),
cellule swle non générateurs  *Molson et
sur le terrain de  depuis 2007 al. (2008)

terrain 11m
de1lm x11m *)

x11m*)
Aldermac 1943 pyrite 2-5 8493 1450 Stockage des Bédard et
pyrrhotite (en (en résidus sous al. (1997),
1997) 1997) membranes Cyr (2005

étanches ouen et 2008)
conditions de
saturation en
eau, en 2008

1.4 Synthése de travaux récents sur les systémes de traitement passif

Au cours des derniéres années, les systémes passifs de traitement du DMA ont fait I’objet de
nombreuses ¢tudes. Toutefois, 1les DMA trés chargés en fer restent peu étudiés malgré les
défis techniques qu’ils comportent. Dans cette sous-section, des travaux récents sur le
traitement de DMA fortement chargés en fer (ce qualificatif est utilisé ici pour des

concentrations =300 mg/L) dans des systémes de traitement passif sont présentés.



1.4.1 Traitement de DMA fortement chargés en fer par biofiltres passifs sulfato-

réducteurs

ILes biofiltres passifs sulfato-réducteurs (BPSR) contiennent un substrat biodégradable,
habituellement des produits agricoles comme le compost de feuille, la sciure de bois de
feuillus, 1e fumier de volaille, qui favorise 1a croissance des microorganismes responsables du
traitement des eaux, ainsi qu’un support stable (comme le sable) pour le développement des
bactéries (Cocos, 2000, Neculita et al., 2007). En conditions anaérobies, les sucres libres
formés par la dégradation de la matiére organique sont transformés par fermentation en
acides organiques 4 courte chaine ou en acides gras, qui sont des substrats favorables a l1a
croissance des bactéries sulfato-réductrices (BSR). En effet, le métabolisme des BSR
demande une source d’électrons qui provient de ces molécules i courtes chaines comme le
lactate, et un accepteur d’électrons en la présence des sulfates contenus dans le DMA. Tes
BSR réduisent alors les sulfates en sulfure d’hydrogéne (Luptakova et Kusnierova, 2005,
Neculita et al., 2007, Jong et Parry, 2006). La dégradation de la matiére organique va aussi
induire une production d’hydrogénocarbonates qui augmentera 1’alcalinité de I’eau. La
géncration de sulfures d’hydrogéne fait alors précipiter les ions métalliques sous forme de

sulfures métalliques peu solubles.

ILes études récentes montrent que la précipitation des sulfures métalliques n’est pas la seule
voie de traitement des eaux contaminées par le DMA (Neculita et al., 2008b, Potvin, 2009).
Les métaux peuvent é&tre stabilisés par sorption, précipitation ou co-précipitation
d’hydroxydes et carbonates (Neculita et al.,, 2008b, Teclu et al., 2008). De plus, les
phénomenes de sorption semblent étre les plus importants dans les premiers temps de vie du
biofiltre (Sheoran et al., 2010). Toutefois, bien que la sorption des métaux est largement
décrite dans la littérature dans le cadre du traitement conventionnel des eaux industrielles
(¢.g. Blais et al., 1999) et observée dans des extractions séquentielles (Neculita, 2008, Potvin,
2009), peu ou pas d’articles traitent des propriétés de sorption des métaux sur les matériaux

constituant un BPSR pour traiter le DMA.

Le Tableau 1.3 présente quelques exemples de traitement de DMA par des biofiltres sulfato-

réducteurs. Il est possible de remarquer que la rétention du fer est généralement efficace pour



des concentrations inféricures & 500 mg/L. On peut également observer que les recherches ne
traitent que rarement de la capacité des biofiltres a traiter des DMA ayant des concentrations
en fer supérieures a 500 mg/L et encore moins des concentrations supérieures a 1 000 mg/L

comme celles que 1’on retrouve au Tableau 1.2.

Dans le cas de DMA chargés en fer (autour de 500 mg/L), les biofiltres passifs sulfato-
réducteurs pourraient néanmoins étre utilisés selon deux autres études récentes réalisées par
Neculita (2008) et Potvin (2009). En effet, des bioréacteurs colonnes (3,5 1), suivi durant une
période de 11 3 15 mois a deux temps de rétention hydraulique (TRH) de 7,3 jours et 10
jours, ont été efficaces pour le traitement d’un DMA contaminé ayant 500 mg/L. de fer
(Neculita, 2008, Neculita et al., 2008a). De plus, il a été remarqué que la qualité de 1’effluent
traité a toujours été meilleure 4 un TRH de 10 jours. Toutefois, la diminution de la
perméabilité du mélange réactif pour 10 jours de TRH suggére que des problémes
hydrauliques pourraient affecter le systéme de traitement et ainsi limiter ’efficacité durant
I’exploitation a long-terme (Neculita, 2008). C’est pourquoi, un compromis entre I’efficacité
de traitement de 1’eau et le comportement hydraulique doit étre fait pour le dimensionnement

d’un BPSR efficace a long terme (Neculita, 2008, Sheoran et al., 2010).

Une seconde étude a été réalisée par Potvin (2009), dans un réacteur compartimenté de 2000
I. avec écoulement horizontal, pour traiter le méme DMA et avec le méme mélange réactif
que Neculita (2008). L.a diminution des concentrations de la plupart des métaux est
supérieure a 90%. Dans le cas du fer, la diminution est de plus de 69% alors que pour le Mn,
la dimimution est de moins de 57%. Le dénombrement des BSR, la génération d’alcalinité
ainsi que les diminutions des concentrations en sulfates et en certains métaux suggérent que
la sulfato-réduction était bien présente dans le BPSR. Les résultats montrent aussi que
d’autres mécanismes de traitement participent a ’amélioration de la qualité d’cau telles la
sorption, la précipitation de minéraux carbonatés ¢t d’hydroxydes de fer. Ces mécamsmes
seraient responsables de la réduction significative des teneurs en métaux a ’effluent. En plus
d’étre efficace pour le traitement d’un DMA fortement contaming, le reacteur testé dans cette
¢tude n’a pas vu son comportement hydrogéologique changer de fagon significative durant la
période de test (contrairement a ce qui avait été observé dans 1’étude en colonne de Neculita,
2008).



Tablean 1.3. Exemples de performances de traitement de DMA

Mélange BPSR DMA Performances Références
Déchets forestiers, pH=1.6 pH=35-6 Tassé et Germain
boues municipales, Fe = 400 mg/L. Fe = 5 mg/L, (2002)
sédiments, dolomite SO44= 2500 mg/L S04 = 20-40 mg/L
Rejets de I'industriedu pH =25 pH=6 Costa et al. (2009)
vin, éthanol, calcite et Fe = 550 mg/T. 61-91% de réduction Fe
sable sof=2 gL 90% de réduction SO,
Argile, boues de station  pH=2,3 pH =65 Harris et Ragusa
d’épuration, herbe Fe = 1800 mg/L Fe = 70 mg/L (2001)
coupée S =2700m g/L S =1330mg/L
Compost, calcite, pH=3 pH=7 Gibert et al. (2005)
sédiments Fe=10mg/L Fe < 0,1 mg/L

SO,= 1000 mg/L SO, = 1000 mg/L
Gravier, dolomite, pH=29 pH=5-7 Laetal (2003)
boues de station Fe =279 mg/l. 99% de réduction Fe
dépuration, fumier de
vache, compost
Sable, sédiments, pH=13,5 pH=7.5 Robinson-Lora et
chitine de carapaces de  Fe = 1-10 mg/L. 100% réduction Fe Bremman (2009)
crabe
Gravier, compost de pH=26 pH=6-7 Tiet Kim (2008)
champignon, calcite Fe =363 mg/l. 90% de réduction Fe

S04 = 2362 mg/L 23% de réduction SO~
Pulpe de bois, sciure, pH=25 pH=6-7 Kuyucak et St-
écorces, feuilles érable, Fe = 160 mg/L Fe <1 mg/L Germain (1994)

paille, tourbe, fumier de
vache, grains, orge,
mélasse, acide lactique,
calcaire, sable,
sédiments, phosphates

Compost, écorces,
copeaux de pin, calcite,
coquilles de moule

Sciure de bois, foin,
fumier de bétail

Matériaux organiques,
calcite, fumiers

Copeaux de bois,
caleite, compost, foin

Copeaux, sciure, towbe,
compost, fumier,
éthanol, sédiments,
urée, sable, calcite

SOF= 4000 mg/T.

pH=45
Fe = 658 mg/LL
SO.7= 608 mg/L

pH=4
Fe = 50-70 mg/L.

pH=373
Fe = 8 mg/L

pH=2-3
Fe =15-33 mg/L
SO, = 661-887 mg/L
pH=39-42

Fe =1683 mg/LL

SO,¥= 2944-4608 mg/I.

SO4 = 1170-3450 mg/.

pH = 6-7
94% de réduction Fe
99% de réduction SO,

pH=5,5
Fer =25 mg/T.

pH=6-7
Fe <1 mg/L

pH=65

Fe <1 mg/L

SO, =360 mg/L

pH = 6,5-8,5

100% de réduction Fe
SO,7=163-5575 mg/L

Mc Cauley et al.
{2009

Johnson et
Hallberg (2005)

Zaluski et al.
(2003)

Kuyucak et al.
{2006)

Zagury et al., 2006
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1.4.2 Traitement de DMA fortement chargés en fer par drains calcaires

Les drains calcaires font partic des systémes de traitements chimiques passifs du DMA. Le
but principal de ce systéme est de neutraliser 1’acidité des effluents miniers contaminés i de
faibles coiits en capital et d’opération (Johnson et Hallberg, 2003). On distingue
principalement deux configurations pour ces types de drains calcaires: 1e drain anoxique ct le

drain oxique (Potvin, 2009).

Les drains calcaires anoxiques (DAC) sont fondamentalement des tranchées remplies de
calcaire (par exemple CaC(O,) concassé, isolées sous un plastique et un géotextile ot
recouvertes de terre ou d’une couche d’argile pour garantir 1’étanchéité (Bemier, 2002,
Melanson, 2006). Au fur ¢t & mesure de leur écoulement dans le systeme, les caux de
drainage minier acide dissolvent l¢ calcaire avec un dégagement de calcium et de
bicarbonates, ce qui entraine une augmentation du pH et de 1’alcalinité (Bemier, 2002). Le
milicu anoxique d'un DAC prévient I’oxydation des métaux dissous a Uintérieur du drain.
Les précipités métalliques se forment donc uniquement a la sortie du drain, c’est-a-dire a la
rencontre de 1’oxygéne. On observe donc en sortie de drain des réactions d’oxydation et

d’hydrolyse des métaux (Hedin et al., 1994, Cravotta ¢t Trahan, 1999, Ulrich, 1999).

La conception des drains calcaires oxiques (DCO) est trés proche de celle des DAC. La
différence réside dans le fait que la tranchée n’est pas recouverte d’un matériel étanche. Tout
comme la version anoxique, le chenal calcaire et les DCO augmentent aussi le pH et
I’alcalinité de I’cffluent grice a la dissolution du calcaire. Cependant, en raison des
conditions oxiques du systéme, les métaux, et particulicrement le fer, précipitent sous forme

d’hydroxydes et d’oxydes dans le drain (URS Report, 2003).

Ie type de roche utilisé dans les drains calcaires peut étre de différents types telles la
serpentinite (Bemier, 2005), la dolomite (St Arnault et al., 2004) et la calcite (Genty, 2007,
Hosten et Gulsun, 2004, Cravotta, 2003, Hedin et al., 1994). La réactivité des minéraux vis-
a-vig de la neutralisation est différente et 1’on préférera si possible I’utilisation de calcite avec
un haut degré de pureté en carbonate de calcium (Genty et al., 2008 - voir aussi I’ Appendice
B de la theése). Toutefois, il est possible de noter que des précipités d’oxyhydroxydes et fer et

de gypse peuvent se former a la surface des grains dans le drain et peuvent donc diminuer la
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réactivité de ce demnier (Hedin ct al, 1994). Dans certains cas, cet enrobage n’est pas un
facteur limitant (Santomartino et Webb, 2007, Genty et al., 2008). Enfin, le dimensionnement
des drains calcaires anoxiques est principalement basé sur la détermination du temps de
rétention hydraulique, c'est-a-dire le temps que met une goutte d’eau pour parcourir le drain

en entier (Genty et al., 2008, Potvin, 2009).

Ie choix d’un drain calcaire anoxique ou oxique est-il adéquat avec le défi du traitement de
DMA fortement chargés en fer (> 500 mg/l) typique des DMA au Québec ? Dans les
paragraphes précédents, il a été mentionné que les précipités de fer peuvent enrober les
carbonates et donc diminuer 1’efficacité du traitement. Dans une étude récente, Potvin (2009)
a utilisé un réacteur compartimenté de 2000 L pour traiter un DMA fortement chargé en fer
(6900 mg/l.) avec un drain dolomitique anoxique et oxique. L. efficacité de traitement a &té
faible. En effet, le fer, le soufre, le cobalt, le manganése, le nickel et le zinc sont faiblement
retenus ou faiblement remis en solution par le DAC et le DCO. Les indices de saturation
minéralogique, la quantification par diffraction des rayons X (DRX) et les observations au
microscope électronique i balayage (MEB) montrent que le fer et le soufre précipitent dans
les systémes de traitement (Potvin, 2009). En résumé, les DAC et les DCO montrent peu
d’efficacité pour le traitement des métaux dun DMA fortement contaminé. Pour les
matériaux et conditions testés, ils ne peuvent augmenter le pH a des valeurs 1égérement
supérieures a 5 et ce, méme pour un TRH nettement supérieur a 15 heures. Bien que ces deux
types de systéme de traitement permettent de générer de I’alcalinité, ils ne peuvent pas étre
recommandés comme solution unique pour traiter les métaux d’un DMA fortement chargé en

fer (Potvin, 2009).

1.5 Traitement du DMA par des filiéres de traitements passifs

ILes DMA fortement chargés en fer sont particulieérement difficiles a traiter par les méthodes
de traitement passif conventionnelles. Dans ces cas, ’utilisation des systémes combinés ou
des filiéres de traitement (utilisations de plusicurs procédés classiques de traitement passif en

série) semble plus approprice que I'utilisation d’une seule méthode (Potvin, 2009).

11 a été¢ montré dans la littérature que I’utilisation des filiéres de traitement montre une bonne

efficacité dans le traitement d’un DMA moyennement chargé en fer. En effet, Champagne et
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al. (2005) ont démontré que 'utilisation d’une fili¢re de traitement est nécessaire pour traiter
un DMA ayant une concentration en fer de seulement 189 mg/L; ce qui est faible par rapport
aux drainages miniers provenant des sites Lorraine, Manitou et Aldermac présentés
précédemment (Tableau 1.2). Le traitement de cette eau se fait par I’'intermédiaire d’une
¢tape d’aération-décantation pour prétraiter le fer (oxydation de fer ferreux en fer ferrique
suivi de la précipitation d’hydroxydes ferriques), d’une étape de filtration sur de la tourbe
(sorption des mdétaux ¢t diminution du potenticl d’oxydoréduction afin d’obtenir des
conditions anoxiques), d’'une étape de filtration sur biofiltre sulfato-réducteur (augmentation
de I’alcalinité, diminution des métaux) et enfin d’une étape de polissage dans un drain
anoxique calcaire afin d’augmenter 1’alcalinité (Rouvhani et al., 2003, Champagne et al.,
2005) . Dans cette étude, I'importance des procédés de sorption dans une filiére de traitement
est mise en lumiére. En effet, 1a sorption sur tourbe est souvent utilisée dans le traitement des
cffluents pour adsorber les métaux (¢.g. Brown et al., 2000, Ma et Tobin, 2004, Gupta et al.,
2009). Les performances de rétention des métaux du filtre de tourbe, pour un temps de
rétention hydraulique de 4,8 jours, sont alors pour le fer, 'aluminium et le cuivre
respectivement de 95%, 87% ct 99% (Champagne et al., 2005). Enfin, ¢n sortic de 1a filiére,
les concentrations en métaux, exceptée pour le cadmium, sont diminuées au deld de 99%

{Champagne et al., 2005).

Une seconde étude de Figueroa et al. (2007) traite d’une fili¢re de traitement d’un DMA
chargé en fer & hauteur de 40 mg/L par des drains calcaires oxiques suivis de biofiltres
sulfato-réducteurs. Les temps de rétention hydraulique varient de 0.3 a 0.6 jours dans 1e DCO
¢t de 5 a 10 jours dans le BPSR. Le DCO permet alors une bonne élimination de fer par
précipitation (autour de 97%) et augmente le pH de ’effluent jusqu’a 5-6 afin d’assurer des
conditions optimales pour l¢ biofitre. Par la suite, e BPSR permet de traiter adéquatement le
zinc présent dans les caux de drainage (de 65-75 mg/L dans le DMA 4 des valeurs <0,1 mg/L
a I’effluent).

Kuyucak et al. (2006) ont installé un bioréacteur sulfato-réducteur suivi d’un aérateur et d’un
drain calcaire oxique sur le site de Cadillac Molybdenite, en Abitibi-Témiscamingue. La
concentration en fer a traiter est de ordre de 32,3 mg/L ¢t le pH du DMA varie de 2,7 4 5,4

Au cours de année 2005, la concentration moyenne en fer a la sortie de la filiére était de
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0,12 mg/L (99% de rétention) <t le pH autour de 6,7 ; ce qui respecte les directives du

gouvernement du Québec.

Parmi les autres exemples, il est aussi possible de citer Wilmoth (2002) qui décrit le
fonctionnement de trois filiéres de traitement du DMA (pH de 3,3 et une concentration en fer
de 8,6 mg/l) sur le site Calliope aux Etats Unis. Les filiéres comprennent différents
compartiments : un premier contenant de la matiére organique pour diminuer le potentiel
d’oxydoréduction du DMA et nourrir les BSR, un second contenant de la calcite pour
augmenter le pH et 1’alcalinité, une autre section contient de la matiére organique et la
derni¢re intégre un support de graniodorite pour permettre aux BSR de se développer sur une
surface stable. Le temps de rétention hydraulique dans la filiére v est d’environ 4 4 5 jours.
Ie pH de I’effluent de 1a fili¢re est augmenté 3 environ 7-8 et 1a concentration moyenne en

sortie de ’effluent est de 0,1 mg/L. pour le fer (soit plus de 98% de rétention).

Les exemples précédents montrent bien que le fer n’est pas un paramétre limitant pour le
traitement par des systémes combinés de DMA peu chargés (<500 mg/L). Toutefois, dans le
cas de DMA plus chargés en fer, les étapes d’aération et décantation souvent préconisées
pour la diminution du fer sont peu efficaces. En effet, une étude d’une filiére comprenant un
drain anoxique calcaire, une aération et une décantation, pour traiter des DMA ayant une
concentration fer de 1600 a 6900 mg/1., n’a pas permis la rétention efficace du fer (Genty et
al., 2008%). En effet, bien que le DAC permet d’augmenter le pH, la précipitation du fer dans
I’étape d’aération décantation fait rechuter le pH autour de 3 et donc inhibe I’oxydation

chimique et la précipitation du fer dans le décanteur.

1.6 Limites et défis actuels du traitement de drainages miniers acides fortement

contaminés

Les systémes de traitement passif tels les DAC et les BPSR ont démontré leur efficacité dans
le cas de DMA acides mais peu chargés en métaux provenant de mines de charbon (e.g.
Hedin et al., 1994, Cravotta et Trahan 1999, Cravotta 2003, Bhattacharya et al., 2008).

Cependant dans le cas de DMA plus acides et plus concentrés en métaux dissous, il peut

* Voir Appendice B
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s’avérer nécessaire de combiner plusicurs méthodes de traitement entres elles. La filiére de
traitement idéale scrait alors unc séric de procédés fraitant chacun a leur tour (ou
simultanément) les composantes de la pollution tout en minimisant le colt de construction et

I’espace occupé (Trumm, 2006).

Cela est encore plus important quand la charge en métaux est élevée, notamment pour le fer,
puisqu’d ce moment, les DAC et les BPSR ont de la difficulté i traiter 1’eau contaminée
{(Rouham et al., 2003, Genty et al., 2008; Neculita, 2008). En effet, il peut se former des
hydroxydes métalliques en entrée de biofiltre, diminuant ainsi I’activité des BSR et modifiant
le comportement hydraulique du systéme. De plus, le fer 4 1a sortie des BPSR peut entrainer
de la toxicité a 'effluent (Neculita et al., 2008b). Une forte charge en fer peut aussi entrainer
un enrobage de minéraux secondaires ferriques sur les matériaux calcaires constituant le
DAC (Genty et al., 2008), ce qui peut mener éventuellement au colmatage du drain. Enfin, si
les concentrations en fer demeurent élevées a 1’effluent, méme si le pH a pu étre relevé prés
de la neutralité, la précipitation du fer lorsqu’exposé aux conditions atmosphériques va
refaire chuter ce dernier 4 des valeurs nettement acides (Genty et al., 2011%). Le fer est donc
un parametre limitant Uefficacité des BPSR et des DAC si sa concentration est trop élevée,
Le Tableau 1.4 résume les phénomeénes positifs et les problémes rencontrés dans le cas d'une
utilisation seul pour traiter un DMA trés contaminé en fer pour les systémes de traitement de

type DAC, aération-décantation, BPSR et sorption.

? Voir aussi I’ Appendice B
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Tableau 1.4. Fonctionnement de systémes passifs ¢t les problémes rencontrés lorsque les
concentrations en fer sont ¢levées (Adapté de Neculita, 2008, Genty <t al., 2008 ¢t
Potvin, 2009)

Type de traitement Fonctionnement positif Problémes rencontrés

DAC Neutralisation, augmentation de  Pas de rétention du fer, possibalité
Ialcalinité, rétention du Cr, Pb,  de diminution de la réactivité par
Cd, Al enrobage du calcaire par des

précipités secondaires

Aération décantation Oxydation du fer Oxydation du fer entrainant une
acidification du décanteur et donc
une resolubilisation du fer

BPSR Neutralisation, augmentation de  Probléme de colmatage du
I"alcalimté, rétention de la systéme, rétention moyenne du fer
plupart des métaux si ce demier est en grande

concentration, diminution de
I"efficacité pour des pH <5, ou des
potentiels d’oxydoréduction trop
éleves.

Sorption Sorption des métaux Saturation des sites de sorption
plus ou moins rapide

De plus, la connaissance de 'hydrodynamique des drains calcaires et des BPSR a été peu
étudiée et ce, autant a 1’échelle des modéles au laboratoire que sur le terrain. Cet aspect est
particuliérement sensible dans le contexte ot il y a précipitation massive du fer (ou d’autres
minéraux sccondaires) dans les pores de la matrice du systéme de traitement passif, ce qui
pourrait modifier les propriétés hydrogéologiques (conductivité hydraulique saturée par

exemple) du systéme.

Enfin, 1a mise en place d’un systéme de traitement sur le terrain serait une belle opportunité
pour comprendre le fonctionnement des BPSR pendant 1"hiver et pour voir 'importance de la
température sur le traitement du DMA. En effet, 1a plupart des ¢tudes en laboratoire ne testent
pas I'influence de ce demnier paramétre. Sur le terrain, une étude de Wilmoth (2002), montre
que I'efficacité des BPSR est plus grande 4 16°C qu’a 2°C, mais aussi que les BSR restent
présentes aux basses températures. Plusicurs ¢études montrent aussi que les basses

températures n’affectent pas le redémarrage des processus de traitement lors de la fonte des
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neiges. En effet, les biofitres contenant de la tourbe semblent ne pas étre affectés pendant les

hivers tempérés (Rouhani ¢t al., 2003, Champagne et al., 2005).
1.7 Objectifs et hypothéses

A I’heure actuelle, 1a plupart des études sur les systémes de traitement passif du DMA visent
a démontrer D’efficacité chimique d’un seul traitement pour des DMA peu chargés en fer
(<500 mg/L). L’objectif principal de ce présent projet est de mieux comprendre le
comportement hydro-bio-géo-chimique de différents systémes de traitement passif et de les

combiner dans une filiére de traitement pour un DMA fortement chargé en fer (=500 mg/L).

Pour atteindre cet objectif, quatre hypothéses principales seront postulées :

a) Les systémes de traitements passifs doivent étre couplés entre ¢ux pour traiter des

DMA trés acides et fortement chargés en fer;
b) Pour bien concevoir une filiére de traitement, il est essentiel de bien comprendre le

comportement de chaque composante de la filicre;

¢) Les phénoménes de sorption sont essentiels pour retenir le fer dans la filiére de

traitement;

d) Les changements d’¢chelle au laboratoire (101 et 2000L) et sur le terrain ont une

importance sur les résultats du traitement.
Ces hypothéses permettent alors de dégager les objectifs spécifiques du projet :
aj) Caractériser les propriétés de sorption du fer sur les matériaux utilisés dans les

systémes passifs;

b) Tester les traitements passifs de fagon indépendante (3 I’échelle batch et en
colonne) puis les combiner entre cux (en colonne et dans un modéle d’environ 2000 L) pour

obtenir une filiére de traitement capable de traiter un DMA riche en fer;

¢) Caractériser les mécanismes de rétention des métaux des différentes ctapes de

traitement par diverses approches (chimiques ¢t minéralogiques principalement);
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d) Concevoir une filiére de traitement pour les caux acides du site Lorraine au

Témiscamingue;
e¢) Faire le lien entre les résultats produits aux différentes échelles au laboratoire.
1.8 Contenu de la thése

Etant donné les nombreuses revues de littérature réalisées récemment sur les traitements
passifs (e.g. Neculita et al., 2007, Potvin, 2009, Sheroan et al., 2010), il n’a pas été considére
nécessaire de refaire une nouvelle revue de littérature spécifiquement pour cette thése.
Toutefois, le présent chapitre contient de nombreuses informations résumant le
fonctionnement de ces systémes de traitement du DMA. De plus, chaque chapitre de 1a thése

comprend une partie introduction faisant un état de 1’art sur le type de traitement étudié.

Pour répondre adéquatement aux objectifs fixés dans le cadre de cette étude, la thése sera
composée de cing chapitres majeurs. Les chapitres 2, 3 ¢t 4 seront orientés sur la sélection
des matériaux utilisés dans les systémes de traitement. Plus spécifiquement, ces chapitres
discuteront des caractéristiques physico-chimiques des matériaux, propri¢tés des matériaux
vis-a-vis de la sorption du fer, les propriétés hydrauliques et les performances de traitement
du DMA des différents matériaux utilisés (ou du mélange de matériaux) de fagon

indépendante.

Le chapitre 5 traitera quant 4 lui de 1’étude d’une filiére de traitement du DMA composée des
procédés étudiés dans les chapitres précédents. Cette étude sera tout d’abord réalisée dans des
colonnes afin de vérifier I’efficacité de traitement de la filiére. Ensuite, basé sur les résultats
précédents, un test plus représentatif des conditions réelles sera réalisé dans un réacteur
compartimenté de 2000 L. La fili¢re de traitement utilisée dans les colonnes sera reproduite et
les performances de traitement seront évaluées pour une période d’un an. De plus, ’effet du
changement d’échelle sera quantifi¢ en comparant les résultats de qualité d’cau et grice 4 une
caractérisation des mécanismes de rétention des métaux dans les systémes de traitement

(colonnes et réacteur).
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Le chapitre 6 discutera ensuite de la conception d’une filiére de traitement d’'un DMA riche
en fer pour un site réel. Les calculs seront basés sur les performances observées dans le
réacteur de 2000 L (présenté dans le chapitre 5). L’instrumentation proposée pour le systéme
sera aussi présentée. La construction avant été réalisée a la fin des travaux de thése, les
résultats liés a ’efficacité de traitement ne sont pas encore disponibles au moment de la
finalisation du document. Toutefois, il nous est apparu indispensable de présenter ces travaux
afin de décrire la démarche utilisée pour transférer les connaissances acquises lors des cssais

en laboratoire vers un projet de plus grande ampleur.

1.9 Originalité et principales contributions de la thése

Comme il a ét¢ présenté précédemment, les systémes passifs utilisés seuls peuvent avoir une
performance limitée en raison des fortes charges en métaux dans les DMA. De plus, les
¢tudes portant sur les DMA fortement contaminés en fer sont peu nombreuses. Ainsi, les
principales contributions de cette ¢tude sont donc le traitement d’un DMA considéré comme
fortement contaminé en fer (de 2000 a 4000 mg/L) grice & la combinaison de plusicurs
procédés de traitement passif. En outre, ’efficacité des cendres de bois de cogénération
(encore peu utilisées dans les systémes passifs) dans une fili¢re de traitement pour retenir les
métaux (et principalement le fer), a ét¢ démontrée. La construction sur le terrain de la filiére
de traitement donne 1’opportunité d’étudier dans des conditions réalistes 1'efficacité de
traitement. L.’influence des conditions climatiques, des débits, et I’effet d’échelle pourront

étre ainsi évalués.

L’originalit¢ de cette thése repose aussi sur l'utilisation de nombreuses techniques de
caractérisation afin de comprendre le fonctionnement des systémes de traitement. Ainsi, des
tests batch ont pu confirmer l¢ réle important de la sorption des matériaux utilisés dans les
BPSR et dans les filtres contenant de la cendre de bois. De plus, les nombreuses analyses
chimiques et minéralogiques des échantillons post-démantélement permettent aussi de
comprendre les mécanismes de rétention des métaux. Enfin, une nouvelle approche utilisant
des cssais de traceur a permis de déterminer les TRH opérationnels et de diagnostiquer les
problémes hydrauliques a lUintéreur des réacteurs (les ¢coulements préférenticls par

exemple).
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Enfin, la conception de¢ la filiere de traitement iz situ pour le site Lorraine sec base
principalement sur les résultats en laboratoire. Ce projet a permis de développer une
méthodologie concréte de restauration des eaux polluées par le DMA. Ces outils permettront
alors d’appliquer une démarche similaire sur d’autres sites 3 restaurer en Abitibi-
Témiscamingue ¢t ailleurs. Cette méthode est basée sur les caractéristiques de Ueffluent, la

sélection des matériaux et le choix d’une filiére de traitement.
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Abstract

The use of active water treatment to treat acid mine drainage (AMD) in abandoned mine sites
is not desirable. Passive treatment systems are an aftractive alternative to active treatments
since they do not use much energy, they can be built with natural materials or wastes and
they usually involve low investment costs compared to active treatment plants. Sulphate-
reducing passive biofilters (SRPB) are considered to be the best option to treat AMD with
high iron concentration. In this study, materials used to design the mixture used in SRPB
treating a high iron concentrated AMD were properly characterized and iron sorption onto the

material was investigated. Sorption tests showed mainly that organic materials (manurcs,
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municipal wastewater sludges and compost) were the performing substrate to remove iron.
Eight different biofilter mixtures were then compared for their capacity to treat a high iron
acid mine drainage (pH 3.5 and [Fe] = 4000 mg/L) using batch tests for 40 days. For most
mixtures tested, the pH increased up to 6.5, the redox potential decreased below 0 mV after
10 days of testing, and dissolved metal concentrations were reduced by more than 99%.
Results showed also that mixtures based on chicken, cow, or sheep manures give similar

results, and mixtures containing 50% of calcite or sand performed well.

Keywords: acid mine drainage, sulphate-reducing passive bioreactor, batch tests, sorption

tests.

2.1 Introduction

The main water pollution source in mining operations comes from the interaction between
water, air, and sulphidic mine wastes; this environmental problem is known as acid mine
drainage (AMD) (Aubertin and al., 2002). AMD generation results from a series of chemical
and biochemical oxidation reactions of sulphide minerals (¢.g. Kleinmann and al., 1981;
Blowes and Ptacek, 1994; Evangelou and Zhang, 1995; Perkins and al.,, 1995; Morin and
Hutt, 1997) that lead to acidity as well as dissolved metals concentration increases, if the
neutralization potential from carbonate or silicate minerals is absent or exhausted

{Benzaazoua et al. 2004).

Mining companies often use conventional active treatment plants to treat the contaminated
cffluents when AMD cannot be controlled at its source. The approach consists of adding lime
to neutralize acidity, leading to metals precipitation (MacDonald et al., 1989, Aubertin and
al., 2002, Brown et al., 2002, Aubg, 2005). However, the treatment plants become expensive
to manage when mines are closed. Passive treatment systems, which require less energy and
use natural or waste materials, are preferred as treatment method for these closed sites (Gazea
and al., 1995, Morin and Hutt, 1997, Skousen and Ziemkicwicz, 2005, Neculita et al., 2007).
There are different types of passive systems. The first category includes chemical approaches
like anoxic limestone drains that incrcase pH and alkalinity by carbonate dissolution

(Cravotta and Trahan, 1999, Genty et al., 2011). The sccond category integrates biological
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systems that use sulphate reducing bacteria (SRB) to treat AMD effluents (Neculita et al.,
2007); this paper focuses on this second category.

Sulphate reducing passive bioreactor (SRPB) uses SRB metabolism to reduce metal
concentration and increase pH and alkalinity. The degradation of a carbon source coupled
with the sulphate reduction allows the formation of hydrogen sulphide and
hydrogenocarbonate ions. Equation [2-1] represents the organic material degradation

{Luptakova and Kusnierova, 2005, Jong and Parry, 2006, Neculita et al., 2007).
[2-1] 2CH.,0+80,” = 2HCO, +H,S

Then, hydrogen sulphide precipitates with metal (A~ ") as show in equation [2-2].
[2-2] M+ H.S— MS+2H"

However, previous studies show that the precipitation of metal sulphides is not the only
removal metal mechanism. Metals can be also fixed by many others phenomena: sorption,
biosorption, precipitation, coprecipitation with hydroxides and carbonates, and physical
filtration (Neculita et al., 2007, Karathanasis et al., 2010). Sorption is an important
phenomenon of metal retention particularly at the beginning of SRPB operation (Neculita et

al., 2008b, Karathanasis et al., 2010).

A key component of SRPB reactors is the carbon mixture (Beaulieu, 2001, Cocos et al.,
2002, Neculita et al., 2007). Significant sulphate-reduction rates have been obtained with
reactive mixtures containing more than one organic carbon source (Waybrant et al., 1998).
The organic mixture must ensure a good availability of carbon and nutrients for bacteria
growth. Typically, SRPB mixtures contain organic materials (cow, chicken, sheep manures or
wastewater sludges), cellulosic wastes (compost, maple sawdust and wood chips), SRB
inoculum (ex. river or stream sediments), a neutralizing agent (calcite, carbonates), a
structural agent (sand), and nitrogen source (urea) (Cocos et al., 2002, Zagury et al., 2006,
Costa et al,. 2008, Neculita and Zagury, 2008). The roles of the main SRPB components can
be summarized as follows: organic material and cellulosic wastes are degraded by bacteria

which produce alkalinity; the neutralizing agent allows an increase of the pH (at values more
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optimal for SRB activity), the structural agent prevents clogging phenomena, and the
nutrients like urea support SRB development. Performances of SRB bioreactors mainly
depend on the carbon source and on the contact time between sulphates contained in the
AMD solution and the bacteria. Many authors worked on mixture optimization (e.g. Cocos et
al., 2002, Waybrant et al., 1998, Neculita and Zagury, 2008). Recent works by Potvin (2009)
and Neculita et al. (2008a) proved that a mixture based on manure, wood chips, sawdust,
compost, carbonate, sand, sediments, and urca allows treating AMD with an iron

concentration of approximately 500 mg/L for a hydraulic retention time of 10 days.

Prior to biofilter process design, it is necessary to optimize the carbon mixture and hydraulic
parameter in laboratory (Gusek, 2001). This is done mainly through three main steps. The
first step is called a batch test (around 1 1) (Waybrant et al., 1998, Cocos et al., 2002,
Beaulieu, 2001, Tassé and Germain, 2002, Gibert et al., 2004, Zagury et al., 2006), and
allows preselecting the most promising mixture. Indeed, the choice of an effective substrate
mixture is dependent on the composition of the AMD and the types of substrates available at
low cost. During the second step, column tests (around 10 L) can be camried out to verify the
cffectiveness of the treatment (Beaulieu, 2001, Gibert et al., 2004, Gibert ¢t al., 2005, Jong
and Parry, 2006, Neculita et al., 2008a, Costa ct al., 2008). This step also allows adjusting the
hydraulic retention time. Finally, medium scale tests (50 litres and more) allow verifving the
scale effect (Kuyucak and St-Germain, 1994, Gusek, 2001, Dann et al., 2009, Potvin, 2009).
Once all these steps are optimized, full size SRPB can be constructed (Germain and Cyr,
2003, Zaluski et al., 2003, Kuyucak et al., 2006).

In the present paper and in the companion paper (Genty et al. 2011), the first two steps of
SRPB design approach are presented (batch and column tests). This study focuses on AMD
with high iron concentration (approximately 4000 mg/L) typical of those frequently found
close to abandoned Canada base metal mine sites (Aubertin et al., 2002, Molson et al., 2008,
Potvin, 2009). The main originality of this study was the treatment with SRPB of AMD with
high iron concentration because SRPB tend to have lower efficiency when iron concentration
18 higher than 1000 mg/L. (Neculita et al., 2008a, Potvin, 2009). In this paper, the emphasis is

on material characterization and batch test results. Sorption tests are also performed to
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characterize sorption phenomena which occur at the beginning of SRPB operation. Iron

sorption testing is the second original part of this paper.

2.2 Materials and Methods

2.2.1 Synthetic acid mine drainage quality

The water treatment tests were camried out using a synthetic AMD solution having
characteristics given in Table 2.1. The metallic salts used for the preparation of AMD were
dissolved in tap water. AMD had a pH of 3.5, a high concentration of iron (approximately
4320 mg/L.), and a sulphate concentration above 11878 mg/L.. Chemical conditions (low pH,
high Eh) in AMD tank caused some precipitation of iron hydroxide, but metal concentrations
stayed relatively stable.

Table 2.1 Concentrations of the synthetic acid mine drainage (in mg/L except pH)

Elements Initial Salt used
Al 6.24 Al(SO4%,18H,0
Cd 215 CdSOy,8H,O
Cr 1.35 CrK({804),,12H,0
Fe 4320 FeS0,.7H2O
Mg 995 MgS04,7H,O
Mn 42.8 MnSO, H;O
Ni 3.46 NiSO4,6H,O
Pb 0,58 Pb(INO3),
SO, 11878 Nay30,,10H,0O
Zn 492 ZnS0,, 7H,O
pH 3.5 HCIl 1IN

2.2.2 Physical, mineralogical, bacterial and chemical characterization of solids

Each material and mixtures used in this study were fully characterized. Water content was
¢valuated in duplicate by drying samples at 40°C during 2 days. Relative density of the grains
was measured by a helium pycnometer Micromeritics Accupye 1330 and the specific surface
area by a surface analyser Micromeritics Gimini III 2375 (on dry material). Particle size was
determined as per Aitcin et al. (1983). Paste pH was determined in deionized water using a

solid to liquid ratio of 1:10 (ASTM, 1995).
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Total organic carbon (TOC) was measured by adding potassium dichromate and sulphuric
acid and measurement of excess of potassium dichromate; the total Kjeldahl nitrogen (TKN)
was evaluated by mineralization of organic matter by sulphuric acid (into ammonium, carbon
dioxide and water), and measurement of ammonium formed. Water extracts (1:10 solid liquid
ratio) were also analyzed for dissolved organic carbon (DOC) using a heated tube at 680°C

with a catalyser and an infra-red detector of carbon dioxide emitted.

Solids were digested in HNO,, Br,, HCI, and HF to determine chemical composition of each
material (Potts, 1987). Then, the liquid resulting from this treatment was analysed for metal
content by Inductively Coupled Plasma-Atomic Emission Spectrometry using a Perkin Elmer
OPTIMA 3100 RL (ICP-AES; relative precision of 5%, Villeneuve, 2004). The method to
evaluate cation exchange capacity (CEC) was adapted from Zagury et al. (2004). A positive
CEC indicates that cation exchange is one of the sorption mechanisms of iron retention. This
method consisted in saturating all matrix exchange sites with sodium ions (with a sodium
acetate solution 1N) and to desorb it with a solution of ammonium acetate 1N. Then, sodium
concentration was analysed using a Metrohm 881 compact IC pro ions chromatograph
(column Metrosep C 4 150/4.0, elluent: 1.7 mmol HNO3 and 0.7 mmol dipicolinic acid, flow
rate: 0.9 mL/min, 25°C). The mineralogy of the crystallized mineral fraction was determined
by an X-ray diffractometer (XRD; Bruker axs D8 ADVANCE). The instrument is equipped
with a Cu anticathode and scintillation counter. Data treatment was done using Bruker A.X.S.
EVA and TOPAS software package. The proportion of minerals is estimated by the Rietveld
method (relative precision of (.5%, Raudsepp and Pani, 2003).

Finally, sulphate reducing bacteria (SRB) enumerations within the solid organic materials
and the tested sediments were performed using the Most Probable Number according to

ASTM (1990) and Beaulicu (2001).
2.2.3 Analytical method for water quality evaluation and geochemical modeling

The pH of samples was determined with an Orion Triode sensor coupled with a Benchtop
pH/ISE Meter Orion model 920 (relative precision +/- (.01 pH) and the Eh (redox potential)
was measured by a Pt/Ag/AgCl sensor linked to a Benchtop pH/ISE Meter Orion 920

(relative precision +/- (.2 mV), values were corrected relative to the standard hydrogen
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clectrode (SHE). Filtered samples (with a 0.45 pm filter) used for the metal analysis were
acidified with 2% volume with nitric acid (70%) before analysis. Sulphate concentration was
evaluated on filtered sample using a nephelometric method based on the precipitation of
barium sulphate (AFNOR, 1986). Then, the absorbance of the solution was measured at 650

nm with an Ultraspec 2100 pro spectrophotometer (relative precision of +/- 0.5%).

Saturation indices of the main minerals susceptible to precipitate were calculated using a
thermodynamic chemical equilibrium model (Vminteq v 2.53) using the activity correction
SIT model (KTH, 2010). Geochemical modelling helps in the assessment of metal retention
mechanisms during the batch tests. However, this model does not take into account the

sulphate reducing bacteria activity.

2.2.4 Batch experiments

Eight mixtures were investigated in this study. The mixture proportions (%, dry weight) are
given in Table 2.2. These mixtures contained organic materials (cow, chicken, sheep manures
or waste water sludges, compost), cellulosic wastes (maple sawdust and wood chips), SRB
inoculum (river sediments), a neutralizing agent (calcite mineral or a calcium carbonate
powder grad 99% ACS), a structural agent (sand), and nitrogen source (urea powder 99%
ACS). Maple chips and sawdust came from P.W.I. industries, Canada, chicken manure from
Fertilo de Fafard, Canada; sheep manure and cow manure from Canadian Tire Corporation,
Canada; leaf compost from Compost du Québec, Canada; the waste water sludges from the
municipality of Rouyn-Noranda, Canada, fine calcite with a particle size smaller than 0.625
cm from Calcite du Nord, Canada; and finally sediment came from the Osisko lake, Rouyn-

Noranda, Canada.

The composition of mixture #1 is mainly inspired from previous studies of Cocos et al.
(2002) and Neculita and Zagury (2008). Mixtures #2, #3 and #5 were selected to evaluate the
possibility of using different sources of casily degradable carbon (Cocos et al., 2002, Costa ct
al, 2008). Mixture #6 allows comparing the efficiency of similar mixtures with or without
sediment SBR inoculums. Mixtures #4 and #7 were tested to investigate the cffect of an
increase of the granular material percentage on the treatment performance. A higher saturated

hydraulic conductivity for these bioreactors was expected thanks to an increased of granular
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material percentage (Benner et al., 1997, Rétting et al., 2008). Finally, mixture #8 was similar

to mixture #1, but without urea.

Table 2.2 Composition of the eight mixtures for BSR biofilter (composition given in dry

mass %)
Mixture H#l #2 H#3 H#4 OH#5 He HT OH8
Celullosic wastes
Maple chips 10 10 10 5 10 10 & 10
Sawdust 20 20 20 10 20 20 11 20
Organic wastes
Chiken mamure 10 5 10 8 10
Sheep mamure 10
Cow marnure 10
Waste water sludges 10
Leaf compost 20 20 20 1o 20 20 12 20
Inoculum
River sediment 15 15 15 8 15 8 15
Inert structural agent
Sand 20 20 20 10 20 35 50 20
Nutriment (Nitrogen)
Urea 3 3 3 2 3 3 3
Neutralizing agent
Calcium carbonate 2 2 2 2 2 2
Calcite 50 5

Batch tests were performed in 11 glass flasks’, at room temperature (21°C) under nitrogen
atmosphere and placed on a shaking table (150 rpm). As per Neculita and Zagury (2008), the
ratio between mixture and AMD was 200 g dry mixture for 600 ml. of AMD. pH, Eh,
sulphate and metals were measured every week during 40 days. After the end of the test, the
chemical composition of the solid matrix was determined and geochemical modeling was

performed for durations of 0, 10, 24, and 40 days.

? Des photographies de chaque essai (batch, colonnes, réacteur de 2000 1., terrain et démantellement)
peuvent &tre consultées a 1’ Appendice D.De plus, des études précédentes ont permis de statuer sur le
fait que les essais étaient répétables (e.g. Cocos et al., 2002, Neculita and Zagury, 2008) et donc aucun
duplicata n’a été fait dans le cadre de la présente étude
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2.2.5 Sorption experiment description

Iron retention capacity of ecach mixture component (manure, waste water sludges, compost,
maple sawdust and chips, and river sediments.) was assessed. Iron was monitored because it
has been previously demonstrated that there is a decrease of SRPB efficiency when iron

concentration in AMD is high (Neculita et al., 2008a).
2.2.5.1 Sorption isotherm experiments

Isotherm studies were performed at 21°C in a 200 mL Erlenmever filled with 100 mL of
aqueous solution and 2 g of dry material at pH of 3 and 6 (pH adjustment with NaOH 1N or
HCI 1N). The agitation speed was set at 200 rpm. The ratio of solid material to solution (and
consequently the quantity of iron in solution) should ensure that equilibrium conditions are
reached quickly (Gupta et al., 2009). Metal concentration within the aqueous solutions varied
from the common AMD loads to AMD concentration diluted fifty times. Diluted AMD
solution was used in isotherm sorption tests although only iron concentration was measured.
Iron was the most concentrated metal to remove, and other metals were not considered
problematic with the concentrations used (Neculita et al.,, 2008a). Indeed, since ionic
competition can occur on sorption sites, it was considered more representative to use AMD
solution with numerous metal salts instead of deionised water with iron only (Limousin et al.,
2007). After reaching equilibrium in 24 hours, water samples were filtered for metal content
analysis. Sorption capacity, q. (mg/g) of the sorbent was calculated using the mass balance

cquation (Al-Degs et al., 2006):

I
[2-3] qe:[Cz _Ce]'i
m

where C;, C, V, and m arc respectively initial metal concentration (mg/L), metal

concentration at equilibrium (mg/L), total volume (L) and mass (g) of the sorbent.
2.2.5.2 Kinetic sor ption experiments

Kinetic sorption studies of iron were carried out in agitated batch sorption systems, which

consisted of a 200 mL Erlenmeyer filled with 100 mlL aqueous solution of AMD diluted



29

twenty times (this concentration was chosen to observe a significant iron decrease during 24
hours), and 2 g of dry material. The agitation speed was fixed at 200 rpm. This test was
performed at pH 3 and 6 by adjustment with NaOH 1N or HC1 1N. Water samples were taken
regularly to determine the evolution of iron concentration during the first 24 hours (0, 2, 4, 8§,

and 24 hours).

The instant iron uptake q; (mg/g) of the sorbent was calculated by the mass balance equation

(Al-Degs et al., 2006):
I
[2-4] q, :[CI_Cf]';

where C;, C, V, and m are respectively imitial metal concentration (mg/L), metal

concentration at time t (mg/L), total volume (I.) and weight (g) of sorbent.
2.2.5.3 Sorption tests interpretation approaches

It is usually assumed in the literature that sorption isotherm and sorption kinetic characterize
the sorption capacity of a material towards an ion. To describe equilibrium phenomena, two
of the most commonly isotherm theories were used: the Langmuir and Freundlich
equilibrium isotherms. The linear form of Langmuir equation can be represented by the
following equation (Ayari et al., 2004, Al-Degs ct al., 2006, Jha ct al., 2008, Garcia-Mendicta
t al., 2009):

C C
[2-5] o1 G

9o Plpx G

where C. is the equilibrium concentration of remaining metal in the solution (mg/L), q. is the
amount of a metal adsorbed per unit mass of sorbent at equilibrium (mg/g), (. is the amount
of sorbate at complete monolayer coverage (mg/g), and b (L/mg) is a constant related to the
heat of adsorption. The Langmuir model assumes that the removal of a metal ion occurs on a
homogenous surface by a monolayer sorption (Jha et al., 2008). In other words, sorption sites
are identical, retain only one molecule and are energetically and sterically independent of the

adsorbed quantity (Limousin et al., 2007).
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Freundlich linear isotherm can be described by the following equation (Ayari ¢t al., 2004, Al-
Degs et al., 2006, Jha ct al., 2008, Garcia-Mendicta et al., 2009):

[2-6] logqg, =logk, +nlogC,

with C. in mg/g, q. in mg/g. k¢ is the equilibrium constant (mg/g) indicative of adsorption
capacity and n represents the sorption equilibrium constant. The Freundlich model assumes
that sorption occurs on a heterogeneous surface (due mainly to the complex composition of
natural material) and an exponential distribution of active sites (JTha et al., 2008, Garcia-

Mendieta et al., 2009).

Sorption processes begin by diffusion of metal ion onto the surface (external and internal
diffusion) and then the metal ion links to the surface. Numerous models have been proposed
to describe sorption kinetic tests. They can be divided into two main types: reaction-based
models and diffusion-based models (Ho et al., 2000, Al-Degs et al., 2006). In this study, the
first type of models represents more accurately the sorption kinetic and thus diffusion based

models are not presented.

If the sorption mechanism is controlled by the surface reaction where the metal ion was
linked to the material, kinetic models using pseudo first order or pseudo second order can be
used. Equations [2-6] and [2-7] represent two models of pseudo first and second rate (Ho et

al., 2000, Al-Degs et al., 2006, Jha et al., 2008, Garcia-Mendieta et al., 2009):

t
2-6 seudo first order : lo —g)=1lo -k —1
[2-6] P 8q, —q,)=log q, —k.——
t 1 t
[2-7] pseudo second order : — = e
49 kl -4, g,

where (. is the amount of a metal adsorbed per unit mass of sorbent at equilibrium (mg/g), g;
is the amount of a metal adsorbed per unit mass of sorbent (mg/g) at the time t (s), k; is the
pseudo first order rate constant (s™), and k, the pseudo second order rate constant (g.mg.s™).

Several other models can be found in the literature (Ho et al., 2000) and have been compared
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with experimental data, but the two selected models (equation [2-6] and [2-7]) were found to

be the more efficient to fit the experimental data.

2.3 Results and interpretations

2.3.1 Initial materials and mixtures characteristics

Table 2.3 presents the main characterization results of organic materials and river sediments.
Organic material can be divided into cellulosic (maple chips and sawdust) and organic wastes

{manure, sludge and compost).

As observed by Neculita and Zagury (2008), the cellulosic materials paste pH measurements
were more acidic than those of the organic wastes (between 6.2-5.6 and 6.0-7.3 respectively).
The total organic carbon (TOC) was higher for the cellulosic wastes than for the organic
wastes (49-51% and 21-30% respectively) while the total Khejdahl nitrogen (TKN) values
varied from 1.1 to 2.6% except for the maple chips (0.1%) and the river sediments (0.04%).
Dissolved organic carbon (DOC) values for the cellulosic wastes were significantly higher
than those of the organic wastes (respectively 280 and 430 mg/L for wood chips and sawdust
and below 57 mg/I. for manure, municipal sludges and sediments). The presence of sulphate
reducing bacteria (SRB) inoculums in materials used in biofilter mixture is significant. The
data presented in Table 2.4 show that manures, compost, and sediments contain a minimum
of 450 to 2300 SRB cell/100mL. These results confirmed that the source of SRB in the tested
mixtures is not only sediments. Moreover, urea is a nitrogen source for bacteria (Neculita and

Zagury, 2008). The TKN percentage of urea was approximately 47%.

The particle size analysis of calcite showed a grain size Dy, (D, being the effective diameter,
corresponding to x% passing on the cumulative grain-size distribution curve) of 0.53 mm and
a uniformity coefficient (Cy =Dgso/Dyg) of 3.5. The XRD analysis confirmed that the calcite
used was relatively pure (96.5 wt.% calcite) and contained a small proportion of quartz and
hornblende. The mineralogical composition of the river sediment estimated by XRD was;
albite (24%), tremolite (20%), quartz (17%), microcline (14%), chlorite (7%), talc (6%),

anorthite (5%) muscovite (5%) and traces of kaolinite, wurtzite, hematite, and magnetite.
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Sorption of iron onto organic material surface is complex (Vizier, 1987). Numerous
mechanisms can occur, such as adsorption (physical or chemical), cation exchange,
mechanical trapping, and surface precipitation. Isotherms test characterizations allow
describing the sorption mechanism (sorption onto a homogeneous surface or a heterogeneous
surface) and while kinetic tests allow determining which step (diffusion, reaction at the
surface) is limiting the sorption. However, sorption mechanisms cannot be specifically
identified. Cation exchange capacity (CEC) was determined for all materials to get an idea of
the quantity of metals that can be removed by ionic exchange for 1 g of sample. The CEC
results were: 18.4 meq/100g (dry) for sediments, 38.8 meq/100g (dry) for cow manure, 47.7
meq/100g (dry) for maple chips, 52.7 meqg/100g (dry) for leaf compost, 52.9 meq/100g (dry)
for sheep manure, 55.5 meq/100g (dry) for chicken manure, 66.2 meq/100g (dry) for waste
water sludge, and 72.7 meg/100g (dry) for sawdust. The positive results for CEC for all
materials highlighted that ion exchange could be one of the metal sorption phenomena that
occurred onto organic materials and sediments surfaces. These results were not unexpected
since the tested sediments contain clay minerals, known to have an important ion exchange
capacity (e.g. Garaia-Sanchez et al., 1999, Coles and Yong, 2002, Ayari et al., 2004, Fonseca
et al., 2006, Plante, 2010). Organic materials arc also known for having a significant CEC
{Volesky and Hollan, 1995, Asadi et al., 2009, Yurtsever and Sangil, 2009).

Table 2.4 presents the characterization of the biofilter mixture prepared with the materials
previously presented. The cight mixtures tested are also characterized with the TOC/TKN
and DOC/sulphate ratios. It is usuvally assumed that ratios TOC/TKN near 10 and
DOC/sulphate near approximately 0.4 are optimal for sulphate reducing biofilter to reach
good performances (Neculita and Zagury, 2008). These ratios allowed a good availability of
nutrients for SRB development. For mixtures used in this study, the most favourable ratio
TOC/TKN was obtained with mixture #1 (13); for mixtures #2, #3, #4, #6 and #7, the ratio
varied between 24 and 28. The ratio for mixture #5 was 5 (lack of carbon in comparison with
nitrogen). For mixture #8, the value obtained (94) was significantly higher than the target of
10, and can be explained by a lack of nitrogen due mainly to the absence of urea in the
mixture. Values of DOC/sulphate ratio varied from 1.2x107 to 5.7x10? for mixtures #1 to #7,

and the ratio was 3.3x10” for mixture #8. This result indicated that easily degradable organic
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carbon represented by DOC was less available for the last mixture. Values were globally
lower than the targeted optimal ratio of 0.4 because of the high sulphate concentration used in

AMD (9000 mg/L).

Table 2.3 Characterization of organic materials and river sediments used in this study’

Material

O E 4]
“E 2T 2% ET EL &3 S5 £d
LZJF (0] =] @ @ w ,_5 LZJF [0}
5 =
— 17
Physical parameters
Paste pH 6.2 5.6 6.0 7.0 7.1 7.3 6.7 7.1
Water content 4 3 55 62 58 74 56 27
(Yow/w)
Relative density 1.45 1.48 1.57 1.69 1.64 2.04 1.80 2.66
of grains
Specific surface 0.58 0.86 1.15 0.96 1.10 1575 1.67 13.02
area (mz/g)
CEC (meqg/100g)  47.7 727 555 388 52.9 66.2 527 18.4
Biodegradation parameters
TOC (%ow/w dry 51 49 26 27 30 21 24 1.5
weight)
TKN (%ow/w dry 0.1 0.2 2.6 1.4 1.1 1.9 1.3 0.04
Weight)
DOC water 280 450 57 35 32 5.6 48 6.4
extract (mg/L)
TOC/TKN 510 272 10 19 27 11 18 38
Sulphate reducing parameters
SRB (cells/100 <2 <2 450 780 2300 2300 780 1300
mL)
DOC/SO,> 32 5.0 6.3 39 36 39 53 7.1
x10®  x10®  x10° x10° x10° x10"  x10°  x107

* Le contenu en métaux des matériaux et des mélanges peut étre consulté en Appendice F.



Table 2.4 Characterization of sulphate reducing biofilter mixtures #1 to #8

Biofilter mixture
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extract (mg/L.) = 8 2 &8 2 =z =z “
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2.3.2 Batch experiment results

Results of the evolution of the main chemical parameters determined during anaerobic batch
tests are presented in Figure 2.1. Figure 2.1a shows that the solution pH for each flask rose up
to 7 over 10 days, except for mixture #8 (lowest DOC content of all mixtures) which needed
30 days to recach pH-necutrality. The Eh in most flasks decreased below 0 mV and thus
promoted reducing conditions; mixtures #4 and #8 remained at values of approximately 150
to 210 mV (Figure 2.1b). Each mixture allowed removing more than 99% of iron over less
than 20 days as showed in Figure 2.1c. With regards to sulphate concentrations (Figure 2.1d),
there was no significant decrease before 18 days, which approximately corresponds to the
latency period for SRB activity (Neculita and Zagury, 2008), except for mixture #8 where a
progressive decrease was observed. The initial value of sulphate concentration was higher
than expected in the original AMD because some components of the organic mixtures
{mainly manure and compost) contained and released sulphate during the test (Zagury et al.,
2006). After 40 days testing, sulphate decreased by 64% for mixture #1 and #2, 63% for
mixture# 3, 29% for mixture #4, 39% for mixture #5, 34% for mixturc# 6, 65% for mixture
#7, and 73% for mixture #8.

Cadmium, chromium, nickel, lead, and zinc removal were higher than 99% for all mixtures
after 40 days. The removal for manganese reached 99% for all mixture except for mixture #8.
Aluminum removal was 54% for mixture #1, 78% for mixture #3, 92% for mixture #5 and
99% for the other mixtures. Morcover, mixtures analyses in terms of metal contents showed

an increase of Cd, Fe, Mn, Ni, Pb and Zn after 40 days.

Retentions of most of these metals (not shown here) occurred between 0 and 10 days. The
same observation was made by Cocos ¢t al. (2002). Considering this last observation and the
fact that the sulphate reduction mainly began after 20 days, the mechanisms of metal removal
during the first days was cssenfially attributed to sorption mechanisms, hydroxide and
carbonate precipitation, and not to sulphide precipitation (as stated elsewhere by Karathanasis

¢t al., 2010). Sorption propertics of the materials studied will be discussed in section 3.3.

Sulphate removal rates can also be calculated for the 40-day period and during the period

between 18 and 40 days. This last period may correspond to the initiation of bacterial
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sulphate reduction. Sulphate removal rates for the eight reactive mixtures varied from 102 to
217 mg/L/day for the entire testing, and between 39 and 278 mg/l/days for the period
between 18 and 40 days. Values estimated for the second period (18 to 40 days) were
comparable to those obtained in previous works by Neculita and Zagury (2008). However,
depending on pH and Eh conditions, sulphate removal could be attributed to sulphate
reduction (sulphide formation) or to sulphate precipitation (Neculita and Zagury, 2008,
Potvin, 2009). For the day 0, Vminteq modeling predicted only the precipitation of H-jarosite
and Geothite-lepidochrocite, which is common in AMD (Potvin, 2009). For all mixtures,
Vminteq predicted precipitation of aluminium hydroxide, goethite and lepidochrocite for
days 10, 14 and 40. For mixture #1, #3, #5, #6, and #7, precipitation of iron, nickel and zinc
sulphides could occur while for mixture #2, #4 and #8 gypsum precipitation was probable.
Thus, sulphate can be removed trough two phenomena by the studied mixtures; gypsum or

metal sulphide precipitation.

Considering that mixtures #1, #2, #3, #5 gave similar results for metal removal and
neutralization, different easily degradable organic carbon sources can be used in SRPB, such
as chicken, cow, sheep manure or municipal sludge. Mixture #6 results demonstrated that a
SRB inoculums coming from sediment were not essential since results were equivalent to
mixture #1. Mixtures #4 and #7 performed also well and are comparable in terms of
performance to mixture #1. Mixture #8 performed worse than the others (lower sulphate
removal during the period 18 to 40 days, lower iron retention kinetic, lower neutralization).
Consequently, three original mixtures (#1, #4 and #7) emerged from these batch tests and

were selected for the column test investigation (see the companion paper).
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Figure 2.1 Chemical parameters measured in batch tests for the 8 mixtures: pH (a), Eh (b),

iron concentration (c) and sulphates concentration (d).

2.3.3 Sorption experiment results
2.3.3.1 Sorption isotherm test results

The purpose of the adsorption isotherms is to relate at equilibrium the adsorbate
concentration (at the solid surface) to the metal concentration in solution. A clagsification of
the sorption phenomena for liquid/solid systems 1s given by Limousin et al. (2007) and
Garcia-Mendieta et al. (2009), which distinguish four classes of isotherm: high affinity (H),
Langmuir (L), constant-partition (C) and sigmoidal shaped (S) isotherm.

In this study, isotherms (see Figure 2.2) with a convex shape (equivalent to L. type) were
obtained for all materials at pH 3 and isotherms with sigmoidal form (equivalent to S type)
were obtained for all material at pH 6 (except for maple chips where the curve is more of L-

type). Thus, two mechanisms could represent sorption phenomena. At pH 3, the solid was
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progressively saturated and micropores were filled by a monocover of iron linked with high
interaction like chemisorption. At pH 6, a monocover was first formed and then several other
covers were created. This type of observation is also presented by Garcia-Mendieta et al.
(2009) for the sorption of iron on clinoptilolite (ion exchanger) at pH 6. Table 2.5 presents
the main results of isotherm data compared with the Langmuir and Freundlich models.
However, Freundlich model was more appropriate to model isotherm data for most materials

at pH 3 and 6, except for compost at pH 6 where Langmuir model was more adapted.
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Figure 2.2 Iron sorption isotherms at pH 3 (Fig. 2a) and pH 6 (Fig. 2b) for the different

materials
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The maximum iron sorption capacity (uax (mg/g) could be estimated graphically for cach
material. The order from the most adsorbing to the less adsorbing material at pH 3 was:
municipal sludges ((max = 48.5 mg/g) > compost ((umax = 26.7 Mg/g) > COW Manure ((uu =
21.5 mg/g) = chicken manure ((y,, = 20.3 mg/g) > sheep manure ((g,, = 19.3 mg/g) =
sediments (Quy = 3.8 mg/g) > maple chips (Que = 3.0 mg/g) > maple sawdust (e = 2.0
mg/g). At pH 6, this order is different: cow manure (Qua = 19.5 mg/g) > municipal sludges
(Qmax = 18.4 mg/g) > maple chips ((pa = 17.1 mg/g) > chicken manure (qp,, = 15.6 mg/g) >
sheep manure (Quax = 14.6 mg/g) = compost (qmax = 10.0 mg/g) = sediments ((max = 8.0 mg/g)
> maple sawdust (Que = 5.0 mg/g). Hence, iron sorption behaviour of materials depends on
the solution pH. At pH 3, most of the materials had a higher iron sorption capacity than at pH

6, except for sediments, maple sawdust and chips.

Isotherm results also showed that iron removal seemed to be more important (k; values were
higher; this parameter represents the adsorbed quantity of iron in mg per gram of material for
an iron equilibrium concentration of 1 mg/L) at pH 3 than at pH 6 for all materials, except for
maple chips and cow manure. These results show that materials tested were able to uptake
iron directly from AMD (neutralization was not a factor to improve the uptake capacity of a
material). However, at near neutral pH, iron surface—enhanced precipitation could improve
iron retention (Limousin ¢t al., 2007); this was probably the case for cow manure, maple
sawdust and chips which have paste pH between 6 and 7. This hypothesis of iron
precipitation was validated by Vminteq modeling that suggested a possible precipitation of

iron oxi-hydroxides for similar geochemical conditions.
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Table 2.5 Iron sorption isotherm models for organic materials and sediment at pH 3 and pH 6

(only the model which fits the best is presented, F= Freundlich, L= Langmuir)

Isotherm models  pH 3 pHE
oe ~ ue = el =n
¢ 5 ¢ - : e
= & = 7 g g

joe] o /5] e,

E R? ~ n E R? Z e
=N =N ~
e e

Maple chips F 0,95 0,30 0,35 F 0,98 2,55 0,30

Maple sawdust F 0,96 0,06 053 F 0,95 0,05 0,63

Chicken manure  F 0,88 5,05 0,23 F 0,96 1,06 0,39

Cow manure F 0,95 0,03 0,24 F 0,93 1,62 0,37

Sheep manure F 0,98 5,05 0,21 F 0,99 1,00 0,40

Leaf compost F 0,84 5,04 0,26 L 0,91 0,17 0,21

Municipal sludge F 0,75 13,33 0,19 F 0,98 677 0.14

River Sediments F 0,98 0,50 031 F 0,97 0,06 0,73

2.3.3.2 Kinetic sorption test results

The kinetic data of iron sorption onto tested materials are presented in Figure 2.3. Sorption
capacity at pH 3 for the materials studied (except for sediments) stabilized after
approximately 8 hours at 8.7 mg/g. For sediments, the stabilization was not reached after 24
hours at pH 6. Stabilization for maple sawdust and chips was reached at 0.9 mg/g, at 1.4 for
sediments, and at 2.1 for other materials. The results also showed that 24 h was sufficient to
reach equilibrium conditions and confirm the choice made for batch sorption isotherm tests
(see section 2.3.1). Iron uptake kinetics seemed to be similar at pH 3 and 6 for municipal

sludges, compost, cow, chicken, and sheep manurc. The fact that no decrease in iron
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concentration was observed for maple sawdust and chips at pH 3 confirms that cellulosic

wastes are weak adsorbents.
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Figure 2.3 Iron kinetic uptake at pH 3 (Fig. 3a) and pH 6 (Fig. 3b) for the different materials

The kinetic iron sorption modeling results for the organic materials and sediments are

presented in Table 2.6, for pH 3 and 6. The pseudo-second order reaction rate fit well with

experimental data at pH 3 and 6, except for river sediments at pH 3 where a pscudo first order

kinetic law better represents the results obtained; results for maple chips and sawdust at pH 3

cannot be fit by cither model because iron concentration did not decrease during the test.

Sorption of iron was limited by the reaction between dissolved iron and material surface

according to a pscudo second order kinetic law or a pscudo first order for river sediment at

pH 3. The pseudo-second order kinetics model is often used for chemisorption modelling and
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has been applied successfully to biosorption systems (with living or dead biomass) and

organic materials (Ho et al., 2000).

Table 2.6 Main parameters of the iron sorption kinetic models for the organic materials and

sediments at pH 3 and 6

Kinetic
models pH 3 pH 6
o 3 o &
£ 2
Best fit \:_’; k; e Best fit \:_J; Qe
model R? (h") (mg/g) model  R? (mg/g)
Maple chips pseudo
No ron concentration decrease  second
order 0,99 035 1,07
Maple pseudo
sawdust No iron concentration decrease  second
order 0,98 0,35 1,04
Chicken pseudo pseudo
manure second second
order 0,99 0,17 8,85 order 0,99 15,48 2,08
Cow manure pseudo pseudo
second second
order 0,99 0,31 7,75 order 0,99 4792 2,04
Sheep pseudo pseudo
manure second second
order 0,99 0,18 8.89 order 0,99 240,59 204
Leaf pseudo pseudo
compost second second
order 0,99 0,03 8,82 order 0,99 368 2,04
Municipal pseudo pseudo
sludge second second
order 0,99 527 8,71 order 0,99 7,08 2,06
River pseudo pseudo
Sediments first second
order 0,96 0,08 1,04 order 0,98 012 1,69

>

Thereby, chemisorption could be an important phenomenon behind the iron sorption; iron has
a high affinity towards organic material (Vodyanitskii, 2010). Moreover, the kinetic constants
(k; and k,) were higher at pH 6 than at pH 3 for all materials. The values of kinetic constants
mean that iron sorption proceeded faster at pH 6 than at pH 3, as observed by others in the
literature (e.g. Ho et al., 1995, Brown et al., 2000, Ma and Tobin, 2004, Champagne et al.,
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2008). The results observed are in accordance with the point of zero charge (PZC) of organic
soils that are usually close to pH 3 (Asadi et al., 2009). Consequently, iron (and cations)
sorption becomes impossible when the pH falls below this value. At pH 6, sorption sites are

charged negatively (uptake of iron cations) and sorption is favoured (Asadi and al., 2009).

2.4 Conclusions

Batch tests were used to identify the best mixtures that could treat a high iron concentrated
acid mine drainage in sulphate-reducing passive bioreactor. Results showed that different
organic materials (chicken, cow, sheep manures or municipal sludge) could be used without
affecting significantly the performance of a SRPB to treat the AMD tested. Furthermore, the
presence of sediment as bacteria inoculums was not essential since other materials of the
mixtures tested already contained sulphate reducing bacteria. The addition of 50 % weight of
structural agent (calcitic sand or sand), to improve hydraulic propertics, did not affect
significantly the metal retention efficiency. Moreover, batch tests allowed demonstrating that
sulphate reduction was not the only treatment mechanism at the beginning of biofilter

operation; sorption also plays an important role during the first steps of SRPB process.

Iron sorption description was performed and showed that the relation between iron in solution
and iron uptake at cquilibrium was close to the Freundlich model (in other words, sorption
occurred on a heterogeneous surface). Iron sorption kinetics can be described for most of
materials tested by a pseudo-second order equation, which often represented a strong link
between the material surface and ions (like chemisorption). Based on this test, organic
material (manures and municipal sludges) and vegetal compost had the higher iron sorption
capacity; and the finer the material was the higher was the sorption capacity. Cation exchange

was also one of the sorption mechanisms of materials.

Since batch tests gave similar metal retention efficiency (for mixture #1 to #7), the most
promising mixtures, #1, #4 and #7 (organic materiall mixture with or without 50% of
structural agent) for AMD treatment were selected and will be used in column tests to
evaluate hydraulic behaviour and metal removal in continuous-flow conditions (see

companion paper).
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Abstract

This study deals with acid mine drainage (AMD) control using a biological based passive
treatment. Long-term efficiency (more than 450 days) of continuous-flow column bioreactor
tests (10.7 L), treating an AMD with a high concentration of iron (between 1000 and 4000
mg/L), were evaluated. Columns were filled with three different reactive mixtures
(confaining an organic material, vegetable compost, cellulosic wastes, a SRB inoculum, a
neutralizing agent, a structural agent, and a nitrogen source). The difference between
mixtures is the proportion and type of structural agent used: 20% of inert sand for mixture #1;

509% of calcitic sand and 10% of inert sand for mixture #4; and 50% of inert sand for mixture
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#7. Results for the three tested mixtures showed that pH of column effluents increased up to
6, metals such as Al, Cd, Cr, Ni, Pb, Zn were usually removed at values up to 90%, but iron
could not be successfully removed (32% on average for the three mixtures). Moreover, no
significant differences were observed between the three mixtures tested. Post-testing
characterization of biofilter mixtures showed that iron (the most problematic clement to treat
in the studied AMD) was mainly retained by the formation of hydroxides or oxyhydroxides
and then by sulphides precipitation. Finally, a hydraulic investigation demonstrated that
clogging phenomena were not problematic after one vear of biofilter operation. Therefore,
results suggest that sulphate reducing biofilters are in general efficient to treat most of metal
present in the tested AMD, but the system needs to be combined with other water treatment

approaches to improve iron removal.

Keywords: acid mine drainage, sulphate-reducing passive bioreactor, column tests, metal

removal mechanisms.

3.1 Introduction

Acid mine drainage (AMD) is one of the most important environmental challenges facing the
mining industry (Aubertin et al., 2002). Indeed, AMD is produced by sulphide mineral
oxidation such as pyrite or pyrrhotite occurring in mine wastes affer reaction with
atmospheric elements (water and air). The chemical and microbiological oxidation reactions
generate sulphuric acid and dissolved metals in the effluent (e.g. Kleinmann and al., 1981;

Blowes and Ptacek, 1994; Evangelou and Zhang, 1995).

Solutions for acid mine drainage treatment are subdivided into two main categories: active
systems, represented by conventional neutralization plants (Brown et al., 2002), and passive
systems. The second category is usually preferred for closed mines because it often uses
natural or waste materials, needs lower investment costs and lower energy supply (Neculita et
al., 2007). Passive treatment can be divided into two types: biological systems such as
bioreactors with sulphate-reducing bacteria (e.g. Neculita et al. 2007) and wetlands (e.g.
Skousen and Ziemkiewicz 2005; Barley et al. 2005), and chemical treatments such as oxic

and anoxic limestone drains (c.g. Cravotta and Trahan 1999, Genty ct al., 2011a).
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Sulphates reducing passive biorcactors (SRPBs) consist of degrading a carbon source to
reduce sulphates into hydrogen sulphide by sulphate reducing bacteria (SRB). Then, metals
contained in the AMD precipitate as sulphide minerals and acidity is neutralized by the
production of alkalinity resulting from the carbon source degradation (Neculita et al., 2007).
However, recent studies showed that metal retention mechanisms are not only due to
sulphides precipitation; sorption, physical filtration, hydroxide or carbonate precipitation can
also occur in SRPBs (Neculita et al., 2008b, Karathanasis et al., 2010). More information on
the functioning of SRPBs can be found in a companion paper (Genty ¢t al., 2011b).

Moreover, recent studies done by Neculita et al. (2008a) and Potvin (2009) show that AMD
with a relatively high concentration of iron (approximately 500 mg/L) can be treated with a
SRPB. However, related SRPB efficiency is significantly affected in the case of high iron
loads in AMD, which is typical of AMD encountered in Canadian hard rock mines (Aubertin
et al., 2002). This efficiency decrease is mainly due to the high acidity and the toxicity in
SRPB effluent caused by iron (Neculita et al., 2008c).

In a previous study (see Genty et al., 2011b), batch tests were performed to select the three
most promising carbon sources to be used in biofilters to treat high iron concentrated AMD.
Even if batch tests are useful to pre-select SRPB mixtures, they are not representative of field
conditions (Jong and Parry, 2006, Neculita et al., 2008a). The main objective of this paper is
to further evaluate the treatment efficiency of the three selected SRPB mixtures (see Genty et
al., 2011b) through long-term and continuous flow column tests. The originality of this
research compared to the numerous studies on AMD treatment using SRPBs is the quality of
the AMD treated that contains a high iron concentration (approximately 4000 mg/L
compared to 1080 mg/I. Waybrant et al., 1998, 189 mg/L. for Champagne et al., 2005, 1066
mg/L for Neculita et al., 2008a, etc.). The column tests also allow evaluating the influence of
hydraulic retention time (an important design parameter) on the treatment performance in
order to evaluate the possible influence of a change in saturated hydraulic conductivity of the
system with time (e.g. Seki et al., 2006, Neculita et al., 2008a). Finally, post-testing
characterization of the mixture was undertaken to better understand metal treatment

mechanisms in the tested SRPBs when a high iron concentrated AMD is treated.
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3.2 Materials characterization and methods
3.2.1 Mixtures characterizations

SRPB mixtures tested in the columns contain organic materials (chicken manures), leaf
compost, cellulosic wastes (maple sawdust and chips), a SRB inoculum (river sediments), a
neutralizing agent (calcite, carbonates), a structural agent (sand or calcitic sand) and a
nitrogen source (urca). Proportions of the different mixtures tested (sec Table 3.1) were
optimized using batch tests (see the companion paper for more information on materials

description and characterization; Genty et al., 2011b).

Table 3.1 Composition of the three biolfilter mixtures used in the tested SRPB columns

(composition given in dry mass %)

Mixture # #4 #
Celullosic wastes
Maple chips 10 5
Sawdust 20 10 11
Organic wastes
Chiken manure 10 5 g

Sheep manure
Cow manure
Waste water sludges

Leaf compost 20 10 12
Inoculum

River sediment 15 8 8
Inert structural agent

Sand 20 10 30
Nutriment (Nitrogen)

Urea 3 2 3
Neutralizing agent

Calcium carbonate 2 2

Calcite 50

3.2.2 Synthetic acid mine drainage

The tests were carried out with two AMD solutions having characteristics given in Table 3.2.
The metallic salts used in the preparation of AMD were dissolved in tap water. AMD had a
pH of 3.5, a high concentration in iron (approximately 4000 mg/L for AMD 1 and 1000 mg/L
for AMD 2), and a sulphate concentration above 9000 mg/L.
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Table 3.2Targeted concentrations of the two influent synthetic AMD solutions (in mg/L
except pH). * AMD with an iron concentration of 4000 mg/L is called AMD 1 and AMD
with an iron concentration of 1000 mg/L is called AMD 2.

Elements mg/T, Salt used
Al 7 AlL(SO s 18H,0
Cd 0,5 CdS0,,8H,0
Cr 1 CrK(304)2,12H,0
Fe 4000/ 1000* FeS0,,7H20
Mg 10 MgSO4,7TH,O
Mn a5 MnS0,,H,O
Ni 2 N1S0,,6H,0
Pb 0,5 PbiNOyH,
80~ 3000 NapS0,4,1 0H,O
Zn 40 ZnS0,,7H,0
pH 35 HCLIN

3.2.3 Continuous flow columns experiments

Column tests provide information on treatment cfficiency for longer periods compared to
batch tests and simulate conditions more representative of a full scale plant (Neculita <t al.,
2008a, Robinson-Lora and Brennan, 2009). This series of tests was performed in five 10.7 L
bioreactors columns (14 cm in diameter and 70 cm height), filled with three different
mixtures numbered #1, #4 and #7. Figure 3.1 represents the column test configuration and
Table 3.3 presents the column test characteristics. Porosity in the columns was between 0.40
and 0.46 for the five columns. The porosity was estimated with the volume of Postgate B

medium volume needed to fill up the entire column.

In addition to the three columns with mixture #1, #4, and #7, two columns, named #4D and
#7D, were performed as duplicates of #4 and #7 for saturated hydraulic conductivity
investigation. The chemical analysis of leachates from the duplicate columns were analysed
using a standard statistical tool, the paired difference test (Mendelhall and Beaver, 1994; sce
Demers et al., 2011, for more information on the approach). The test was applied to analyse
geochemical data such as pH, Eh, alkalinity, acidity, iron and sulphates content for duplicate
columns during a period of 64 days. The statistical analysis proved that data (pH, Eh,
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alkalinity, acidity, iron and sulphates) can be considered to come from the same population
(for a confidence interval of 95%), and thus comes from identical tests. More information on

the repeatability evaluation of these column tests can be found in Genty et al. (2011¢)°.

Table 3.3 Column characteristics and operational conditions

Mixture #1 #4 #7 #4 #7
{(duplicate)  (duplicate)

Column characteristics

Column number #1 4 #7 #4D #1D
Mixture mass (g) 9038 10447 9917 9970 9824
Height of mixture (cm) 60 60 60 60 60
Estimated porosity 0,46 0,41 0,40 0,41 0,42

Operational conditions (according to typical values found in literature)
HRT 5 days and AMD 1 period | between O and 55 days  between 0 and 258 days
HRT 5 days and AMD 2 period 2 between 55 and 173

days

HRT 7 days and AMD 2 period 3 between 173 and 229
days

HRT 7 days and AMD 1 period 4 between 229 and 291
days

HRT 5 days and AMD 1 period 5 after 291 days

Columns were fed from the bottom with AMD solution to allow constant anoxic conditions.
A perforated plastic plate covered with a geotextile was placed at the bottom to uniformly
feed the column. The flow was controlled by a peristaltic pump and was selected to obtain the

targeted hydraulic retention time (HRT).

The biorcactors were saturated with Postgate B medium after set-up (Postgate, 1984). The
Postgate B medium was prepared in distilled water and had the following composition: 3.5
/L sodium lactate; 2.0 g/I. MgS0O,,7H,O; 1.0 ¢/l NH,CI; 1.27 g/ CaS0,,2H,0; 1.0 g/L
yeast extract; 0.5 g/l KH,PO,; 0.5 g/l FeS0,,7H,O; 0.1 g/L thioglycolic acid, and 0.1 g/L

ascorbic acid. Afier addition of the Postgate B medium, the columns were incubated at room

® Voir Appendice A
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temperature for four weeks before starting their operation (acclimation period). The first day
of AMD treatment began when Eh reached below -150mV, according to Neculita et al.
(2008a).

70 cm

4

Treated

effuent

Perstaltic pump

Figure 3.1 Column test configuration (picture not to scale)

During the first 173 days and after 291 days (see Table 3.3), the flow rate was set at 0.6
ml/min to obtain a hydraulic residence time (HRT) of approximately 5 days. Between 173
and 291 days, the hydraulic residence time was set at 7 days (flow rate of 0.4mlL/min). After
55 days, iron concentration was decreased to 1000 mg/L (AMD 2) and after 229 days, the
concentration was increased to its initial value (4000 mg/L). These HRT and iron
concentration changes were done to evaluate the bioreactor performance for two AMD (with
two iron concentrations) and two HR'T. In fact, HR'T in a ficld SRPB ofien changes with the
scasons and weather. To assess the performance of the tested SRPB for these different
conditions, pH, Eh, sulphate, acidity, alkalimty, and metals were measured at the influent and
cffluent along the experiment (parameters evaluation of column #1 were stopped after 284
days). SRB population enumeration was also performed on leachates from the two duplicates

#4D and #7D using the Most Probable Number technique (ASTM, 1990, Beaulicu 2001).

3.2.4 Hydraulic parameters evaluation

Saturated hydraulic conductivity ke, is a useful parameter to quantify clogging phenomena in

SRPBs and may state on their life-time. A significant decrease in k,,; indicates that the system
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is partially clogged (Neculita et al., 2008a). Saturated hydraulic conductivity k.; was
evaluated monthly, directly in the columns. The technique used was the falling head method,
adapted from ASTM (1995) method. The saturated hydraulic conductivity k., (cm/s) for the
falling head experiment is calculated with equation [3-1] (McCarthy, 1977):

al . h
- o=t
[3 1] sat At n(hz)

Where a (cm?) is the area of the water head column, 7. (cm) the length of the sample, A4 (cm®)
the area of the sample, ¢ (3) the time necessary for the water head column to drop from the

height % (cm) to A (cm).

The other important hydraulic parameter is the hydraulic retention time (HRT). A tracer test
was performed during the last week of column #4 operation to estimate the HRT. The test
used NaCl as tracer element and measurements of chloride concentrations at the exit of
column #4 were used to obtain the breakthrough curve. Chloride concentration was
determined by Metrohm 881 compact IC pro ions chromatograph (with chemical and CO,
suppressor, column Metrosep A supp 5-150/4.0, elluent: 3.2 mmol Na,CO; and 1 mmol
NaHCO,, flow rate: 0.7 mL/min, 25°C). NaCl concentration in AMD was set to 5 g/L.
Injection was performed to reproduce a step tracer experiment (Fogler, 2006), which consists
of increasing and maintaining the chloride concentration in AMD solution from close to 0 to
5 g/1. during the testing period (11 days). The theory of the residence time distribution was

used to analyse the tracer test.

The theory of the residence time distribution was developed to characterize the flow in
reactors, based on a tracer test (Roche et al., 1994, Faure et al., 2008). The main hypotheses
(considered valid here) related to this approach are (Roche et al., 1994, Faure ct al., 2008):

- the studied system is an open reactor, having an input and an output;

- the flow is constant;

- the fluid is uncompressible.
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To evaluate hydraulic retention time for a piston reactor and a continuous stirred reactor, the
following equations were used (Fogler, 2006). These two equations present the response of

these two types of reactor to a tracer injection made with a step tracer experiment.

[3-2] Piston reactor: City=0ift<zcand C(t) = 1 if t>¢
t

[3-3] Continuous stirred reactor:  C (1) =C,(1—exp(——))
T

where C(t) is the tracer concentration at the exit of the reactor at time t, C, the tracer

concentration at the exit of the reactor at equilibrium, © the hydraulic retention time.
3.2.5 Bacterial enumeration method

Sulphate reducing bacteria enumerations in organic material, sediment and in column
cffluents were performed using the Most Probable Number according to ASTM (1990) and
Beaulicu (2001). The method consists in incubation of different dilution of SRB solution into

different tubes with a medium Starkey A.
3.2.6 Analytical method for water quality evaluation

The pH of liquid samples were measured with an Orion Triode sensor coupled with a
Benchtop pH/ISE Meter Orion model 920 (relative precision +/- 0.01 pH), and the redox
potential (Eh), corrected relative to the standard hydrogen clectrode, by a Pt/Ag/AgCl sensor
link to a Benchtop pH/ISE Meter Orion 920 (relative precision +/- 0.2 mV). The alkalinity
concentration was obtained by titration of non-filtered sample with sulphuric acid 0.02N
(precision of 1 mg CaCOy/L), and the acidity concentration by titration of non-filtered sample
with sodium hydroxide 0.1N (precision of 1 mg CaCOs/1) (APHA, 1995). Filtered samples
{(0.45 pm filter) used for metal analysis were acidified with 2% volume with nitric acid (70%)
before analysis with a Inductively Coupled Plasma-Atomic Emission Spectrometry (ICP-
AES) Perkin Elmer OPTIMA 3100 RL (relative precision evaluated at 5% by Villencuve,
2004). Finally, sulphate concentration was c¢valuated on filtered samples using a

nephelometric method based on the precipitation of barium sulphate (AFNOR, 1986) and
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measurement of absorbance at 650 nm with an Ultraspec 2100 pro spectrometer (relative

precision of +/- 0.5%).
3.2.7 Columns post-testing characterization

Reactive mixture samples were collected from each bioreactor at the end of the experiment.
Samples were rapidly frozen to prevent sulphide oxidation, except for SRB enumeration
where samples were stored at 4°C. Solids sampling was carried out in the layer at 35 cm from
the bottom of reactors (which corresponds to the middle of reactors) because no visual
difference was observed between the top and the bottom during dismantling. It is worth
mentioning that total sulphur content was determined on samples coming from the top, the
middle and the bottom of the column with a carbon sulphur determinator ELTRA CS 2000,
For a given column, results showed no significant difference in sulphur content for samples

taken at these different locations.
Physicochemical analyses carried out on solid samples were:

- the total organic carbon TOC (measured by adding potassium dichromate and sulphuric

acid, followed by measurement of excess of potassium dichromate),

- the total Kjeldahl nitrogen TKN (carried out by mineralization of organic matter into
ammonium, carbon dioxide and water, with sulphuric acid, and measurement of the

ammoniaum formed),

- the dissolved organic carbon DOC on water extracts 1:10 solid:liquid ratio (by using a

heated tube at 680°C with a catalyser and an infra-red detection of carbon dioxide emitted).

To determine metal content by ICP-AES of each mixture, solids were digested in HNOs, Br,,
HCI and HF (Potts, 1987). SRB population accounting was also made using the most
probable number technique (see Beaulieu, 2001, for more details on the protocol).

Stability of metal precipitates and potential mobility in reactive mixtures were estimated

using numerous techniques. First, a semi-quantitative method was used: the sequential



62

extraction procedure (SEP, Zagury et al., 1997). Five fractions were extracted from 1 g of wet

solid sample using different reagents:

- Soluble and exchangeable metals (extracted with 8 mI. MgCl1; 0.5 M, pH 7, 1 h at room

temperature)

- Carbonate-bound (leached by 8 mL. NaOAc 1 M buffered with HOAc, pH 5, 5 h at

room temperature)

- Reducible or bound to Fe—Mn oxides (extracted with 20 mL. NH,OH-HCI1 0.04 M in
25% (v/v) HOAg, 6 h at 96°C)

- Oxidisable or bound to organic matter (released by 3 mL HNO,, 5 mL H,O, 30% pH 2,
2 h at 85°C, then 3 mL H,O, 30% pH 2, 3 h at 85°C, and 5 mL NH,;OAc 3.2 M in 20% (v/v)
HNO, 0.5 h at room temperature) diluted to 20 mL.

- Residual metal fraction (dissolved by acid attack with HNO;, HF, and HC1).

Scanning clectron microscopy (SEM) coupled with X-ray microanalysis was used to analyse
the samples microstructure and mineralogy using a Hitachi 3500-N scanning <lectron
microscope (SEM) coupled with an energy dispersive spectrometry (EDS) of an X-ray probe
(voltage of 20 keV, amperage of 140 A, pressurc around 25 kPa and work distance of 15

mm).

Finally, liquid-solid chemical equilibriums were estimated by geochemical modeling.
Saturation indices of the main minerals susceptible to precipitate were calculated using a
thermodynamic chemical equilibrium model (Vminteq v 2.53) with the activity correction
proposed in the SIT model (KTH, 2010). One of the limitations of the model is that it does
not take into account the sulphate reducing bacteria activity. To confirm Vminteq modeling,
results were presented in an redox potential versus pH diagram using a second geochemical
modeling software: JCHESS version 2.0 (Van Der Lee, 1993). Results from this software
also allow determining (like Vminteq) which iron phases were more likely to precipitate in

the mixtures.
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3.3 Results and interpretations
3.3.1 Period 1 (between 0 and 55 days), 5 days HRT and 4000 mg/I. of iron

Figures 3.2a to 3.2f present results for pH, Eh, iron concentration, sulphates, alkalinity, and
acidity. During this first period (0 to 55 days), the iron AMD concentration was
approximately 4000 mg/I. and the estimated HRT was 5 days. The pH decreased rapidly from
8.6 for column #1, 8.1 for column #4 and 7 for column #7, to a pH between 6.7 and 6.2 (sce
Figure 3.2a and Table 3.4). The Eh varied from -100 mV to 100 mV as showed in Figure
3.2b with an average at 31 mV for column #1, 7 mV for column #4 and 30 mV column #7.
Iron concentrations (see Figure 3.2¢) at the column exit started at low values during the first
week of operation (13 mg/L for mixture #1, 64 mg/L for mixture #4), except for mixture #7
where iron concentration was 939 mg/L. Then, iron concentrations increased progressively to
approximately an average of 2700 mg/l. at the end of this first operational period. These
results can also be expressed in terms of iron removal percentage (based on influent
concentration). This parameter started from 99% to 75% depending on the column and
decreased quickly to values close to 0%, and finally stabilized at approximately 30 to 45% at
55 days. The average iron removal percentage during this period was 36% for column #1,
49% for column #4, and 26% for column #7 (see Table 3.4). As presented in Figure 3.2d,
sulphate concentrations varied from 8367 to 12612 mg/I. at the influent. After treatment by
the SRPBs, sulphate concentrations varied from 6816 to 10694 mg/1. for column #1 (average
of 8804 mg/L), from 7265 to 10000 mg/L for column #4 (average of 8693 mg/L), and from
8245 to 12245 mg/L for column #7 (average of 10023 mg/L). Alkalinity (Figure 3.2¢)
decreased from 10800 mg/I. CaCQO; to stabilize at values between 400 and 700 mg/I. CaCO,
at 55 days. Acidity increased for all columns from an average of 1060 mg/1. CaCO; (at the
beginning) up to 4000 mg/L. CaCO, between the period 0 to 55 days.
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3.3.2 Period 2 (between 55 and 173 days), 5 days HRT and 1000 mg/1. of iron

For all columns, pH remained stable at approximately 6.2 and Eh varied between 11 and 29
mV. Iron concentrations at the column effluent decreased and stabilized at an average value
of 955 mg/I. for column #1, 980 mg/L. for column #4 and 972 mg/L. for column #7, which
correspond to an iron removal percentage between 27 and 33%. Sulphate concentrations were
most of the time below AMIDD values (retention between 8§ and 11% on average), and the
minimum sulphate concentration was reached in column #1 at 7347 mg/l.. Acidity and
alkalinity stabilized respectively at values between 1000 and 2000 mg/I. CaCO; and 327 to
521 mg/L. CaCO, with the highest alkalinity generation in column #1. Except for alkalinity,
pH (6.2 on average), Eh (11 to 29 mV), iron (27-33%) and sulphate (8-11%) removal
percentage were in the same order of magnitude for the three tested mixtures, as presented in

Table 3.4.

3.3.3 Period 3 (between 173 and 229 days), 7 days HRT and 1000 mg/I. of iron

There was no significant change in comparison with period 2: pH values stayed close to 6.2
for the three mixtures (Table 3.4), Eh values were between 16 and 27 mV and iron
concentrations continued to decrease (reaching values between 615 and 732 mg/I. depending
on the mixture) to reach an iron removal between 37 and 50% at the end of the third period.
Although there was no significant difference between mixtures, iron removal was higher than
the previous periods (between 27 and around 33%). Sulphate concentrations at columns exit
were on average close to AMD (AMD was 8847 mg/L and 8771 mg/L for column #1, 8985
mg/L for column #4, 8873 mg/L for column #7). Sulphate removal percentage was in the
same range as in period 2 (between 7 and 11%). Acidity concentration stayed between 900
and 1600 mg/l. CaCO,;. However, alkalinity concentration increased significantly for
columns #4 and #7 in comparison with period 2 (respectively 571 mg/LL CaCO, and 485
mg/L). For column #1, alkalinity concentration remained relatively constant (average of 496

mg/L of CaCQOs).
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Table 3.4 Average parameters of AMD solutions (before and after treatment) for the three
columns tested and the five periods. Units are mV for Eh, mg/1 for iron and sulphate
concentration, mg/L eq. CaCO3 for alkalinity (Alk.). Iron and sulphate removal are

expressed as average (av) percent removal.

pH Eh Alk. Fe SO~ Tron removal % Sulphate removal
%
av. min max av. Imin - max

Period 1 (HRT = 5 days, iron concentration = 4000 mg/1.)
AMD 28 555 0 3712 9930 - - - - - -

#1 6.7 31 3824 2225 B804 36 0 99 21 9 41
#4 65 7 2609 1720 8693 49 6 98 24 1 42
#7 62 30 1738 2615 10023 26 2 75 14 1 31
Period 2 (HRT = 5 days, iron concentration = 1000 mg/L)
AMD 3.2 498 0 1209 8847 - - - - - -
#1 62 11 521 955 8416 33 5 66 8 0 21
#4 62 29 327 980 9303 29 8 45 9 4 24
#7 62 16 373 972 8127 27 1 47 11 4 22
Period 3 (HRT = 7 days, iron concentration = 1000 mg/1.)
AMD 32 498 0 1209 8847 - - - - - -
#1 62 27 496 629 8771 47 23 66 11 10 11
#4 6.2 25 571 615 8985 50 38 45 7 6 9
#7 63 16 485 732 8873 37 16 47 10 8 11
Period 4 (HRT = 7 days, iron concentration = 4000 mg/L)
AMD 28 555 0 3712 9930 - - - - - -
#1 61 52 525 1789 9803 32 10 55 8 4 12
#4 6.1 46 430 2433 9816 22 5 45 4 2 6
#7 6.2 45 375 2155 9961 28 9 60 5 1 7
Period 5 (HRT = 5 days, iron concentration = 4000 mg/L)
AMD 28 555 0 3712 9930 - - - - - -
#1 61 23 343 3190 9746 - - - - - -
#4 6.1 33 241 3363 9634 18 0 50 8 4 16
#7 6.1 57 201 3387 9471 14 2 36 7 0 14

3.3.4 Period 4 (between 229 and 291 days), 7 days HRT and 4000 mg/L of iron

Significant changes appeared in iron concentrations and acidity values: iron concentrations
increased between 1789 and 2433 mg/L on average depending on the column; iron removal
percentage decrcased in comparison with the previous period to an average of 32% for
column #1, 22% for column #4 and 28% for column #7. Acidity increased to values obtained
during the first period (close to 4000 mg/1. CaCQOs). For the other parameters (sce Table 3.4),

pH values stayed close to 6.1, Eh values were between 45 and 52 mV on average, while
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alkalinity values were between 375 and 525 mg/lL CaCO,;. The average sulphate
concentrations at the outlet stayed between 9803 and 9961 mg/L, which correspond to an

effective removal percentage of 4 to 8% (lower than for period 3).
3.3.5 Period 5 (after 291 days), 5 days HRT and 4000 mg/L of iron

Finally, the initial conditions of the first period were tested again after 291 days. Parameters
such as pH and Eh stayed in the same range as those measured during period 4 (pH of 6.1, Eh
between 23 and 57 mV). Alkalinity concentrations decreased to values between 201 to 343
mg/L. CaCO; on average (slightly lower values than for period 4). Iron percentage removal
varied for all mixtures in the range of 14 to 18% (average iron concentration was 9634 mg/L
for column #4 and 9471 mg/L for column #7); these values are lower than for the previous
period. Sulphate removal percentage stayed in the same rang as for the previous period
{(between 8 and 7%). Values of parameters at the end of the first period (similar operational
conditions and after reaching an equilibrium) are similar to those measured during period 3.
These observations mean that the three columns kept their treatment capacity afier more than

one vear of operation.
3.3.6 Aeration of SRPB effluents

Figure 3.3 presents the evolution of column effluents’ pH and redox potential when they are
exposed to acrobic conditions in a 500 mL container. For cach column effluent, pH dropped
from an average of 6.4 to 4.4 after 8 hours of aerobic conditions. At the same time, redox
potential increased due to aeration. This phenomenon was typical of the oxidation of ferrous
iron into femic iron and of precipitation of ferric hydroxide, which released protons that
decreased pH (Ulrich, 1998, Cravotta and Trahan, 1999, Santini et al., 2010, Genty et al.,
2011a"). Moreover, the net acidity calculated by the difference between acidity and alkalinity
(Kirby and Cravotta, 2005) showed that for each column, alkalinity in the column effluent
was not sufficient to neutralize acidity. A pH close to neutrality in column effluents did not
ensure that pH does not decrease after a few hours when an AMD with a high concentration

of iron is treated.

" Voir Appendice B
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Time (hours)

Figure 3.3 pH and Eh evolution of column effluents with a natural aeration

3.3.7 Microbial enumeration

SRB enumerations carried out on the two duplicate column effluents #4DD and #7D are an
indication of the SRB activity. Figure 3.4 presents the number of SRB in 100 ml. of column
effluent. SRB cell count in both effluents decreased from the beginning of the experiment and
stabilized to approximately 200 SRB/100mL. Columns #41) and #7D were fed during the
entire experiment only by the high iron AMD 1 with a HRT of 5 days. A similar behaviour in
terms of SRB evolution in effluents from SRPBs was also observed by Neculita et al. (2008a)
when an AMD with an iron concentration of approximately 1600 mg/l. was treated (SRB
cells varied between 20 and 20000 cells/100mL but increased up to 107 cells/100mL when
iron concentration in AMD was set to 500 mg/L). Results of Costa ¢t al. (2009) also show a
similar range of SRB (between 100 and 1000 SRB cells/100 ml.) with wine wastes as the
carbon source. However, SRB cells can increase up to 10° cells/mL when the carbon source
is more available, such as lactate (Elliott et al., 1998). For similar mixtures as those used in
this study, but for low iron concentrated AMD, SRB cells can be between 10° and 10°
cells/100 mL (Zaluski et al., 2003). Moreover, enumeration carried out directly on the
mixture in the middle of the reactor after dismantling of columns #1, #4 and #7 gave a
proportion of 2400 cell/100mL for mixture #1, mixture #4, and mixture #7. These results
were close to other studies made on similar mixtures (Neculita ct al., 2008b). To summarize,
these SRB counts showed that SRBs continue to survive even when a high iron concentrated

AMD is treated. However, this high iron concentration limited the growth of SRBs.
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Figure 3.4 Evolution of SRB populations in effluent of duplicated columns treating AMD 1
3.3.8 Saturated hydraulic conductivity evolution

SRPB clogging can be estimated by measuring k., (Soleimani et al., 2009); a decrease of ky,
can be related to a reduction of the effective porosity due to pore filling. This filling of the
porosity can be explained by numerous phenomena such as biofilm formation due to biomass
growth, physical deposit of particles, gaz production, chemical and biological precipitation
{Soleimani et al., 2009, Seki et al., 2006, Anello et al., 2005). Some studies reported that the
decrease of ky can be important in a on¢ dimensional flow column (Scki et al., 2006).
Neculita et al. (2008a) reported a decrease of kg from 2x107 cmy/s to 7x10”° cm/s for an
hydraulic retention time of 10 days, and to 2x10” cm/s for an hydraulic retention time of 7.3
days, for SRPB columns used to treat acid mine drainage (with a down-flow feeding). In this
last example, the authors suggested that the reduction of hydraulic conductivity was due to

the formation of iron oxy-hydroxide at the top of the columns.

Figure 3.5 presents results of saturated hydraulic conductivity kg, measurements for column
#4D and #7D. k., stayed relatively stable at a value of 2.1x107 cm/s for column #4D. For
column #7D), the average kg value was 9.9x10° cm/s, but the value decreased from a

maximum of 5.2x107 cm/s to a minimum of 4.2x10” cm/s. These results were comparable to
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other values found in the literature for SRPBs: 5x10™ cm/s to 1x10%, URS report (2003);
1x10” to 1x10™ cmy/s, Waybrant et al. (1998). It is important to recall that the columns in this
study were fed from the bottom to the top. This approach, as suggested by the URS report
(2003), seems to prevent the SRPBs from clogging.
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Figure 3.5 Evolution of saturated hydraulic conductivity in columns #4D and #7D

3.3.9 Characterization of the SRPB sampled from columns post-testing

Mixture analysis after columns dismantling showed an increase of TOC/NTK ratio, which
corresponds to a lack of nitrogen towards carbon for bacteria development. Thereby, the
bacteria environment could affect their long term viahility and growing. Furthermore, water
extracted for dissolved organic carbon analyses, made on column mixtures after dismantling,
presented a clear decrease in comparison with the initial values (DOC values were
respectively 14%, 3%, and 1% of the initial DOC value for mixtures #1, #4 and #7 after
dismantling). The ecasily available carbon for bacteria became less present, and thus bacteria

population could be affected in the long term.

Mixture digestion has been carried out to evaluate the metal retention capacity in each

column. However, only an increase in iron and total sulphur appeared in the elemental
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analysis of mixture #1, #4 and #7 (respectively a increased in iron content of 4%, 3%, and
2% for mixtures #1, #4 and #7). A fractionation using a sequential extraction procedure was
performed on a sample collected from the middle of each column in order to understand
metal removal mechanisms occurring in the SRPBs during AMD treatment. The sequential
extraction procedure allows categorizing metals as soluble and exchangeable (fraction 1),
coming from the carbonate-bound fraction (fraction 2), as reducible metals or bound to Fe—
Mn oxide fraction (fraction 3), as oxidisable or bound to organic matter fraction (fraction 4),
or as integrated into the residual fraction (fraction 5). Results of metal fractionation are

summarized in Table 3.5,

Most of the aluminum was contained in the residual part whatever the mixture (86 to 93%). A
small proportion was oxidisable or bound to organic matter and reducible or bound to Fe-Mn
oxides-hydroxides (1 to 9%). Vminteq modelling carried out on biofilter effluent suggested
also the precipitation of boehmite, diaspore and gibbsite, which are all aluminium
hydroxides. The tendency for chromium was quite similar to aluminium (2-4% oxidisable or
bound to organic matter, 23-55 % reducible or bound to Fe-Mn oxides-hydroxides and 40-
69% in the residual fraction). Lead was retained mainly in fraction 3 (0 to 54%), 4 (3 to 40%)
and 3 (0 to 96%). The formation of reducible phases or Fe-Mn oxide-hydroxides-bound
phases (fraction 3) secemed to be the predominant mechanism for zinc retention (73-86%),
followed by the formation of oxidisable or bound to organic matter phases (9-24%). The
soluble and exchangeable fraction (fraction 1) of nickel was not negligible (6-12%) although
nickel retention was mainly due to the formation of reducible phases or Fe-Mn oxide-
hydroxide-bound phases (37-64%), followed by the formation of oxidisable or bound to
organic matter phases (16-38%). A similar trend was observed for manganese (Vminteq
results suggested also the formation of a carbonate phase as rhodochrosite). Cadmium had a
different behaviour with a high portion found in fraction 1 (0-50%). The other mechanism of
cadmium removal was the formation of reducible phases or Fe-Mn oxide-hydroxide-bound
phases (40-60% depending on the mixture). Iron was mainly present in the reducible or
bound to Fe-Mn oxides-hydroxide fraction (51-67%), but also in the oxidisable or bound to

organic matter fraction (probably under the sulphur form) and in the residual fraction (8-
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26%). The same observation was made by Neculita <t al. (2008b) who found iron mainly

under hydroxide or sulphide forms. Finally, a small portion of iron was bound to carbonate

Table 3.5 Metal fractionation in the reactive mixtures after column dismantling using a

sequential extraction procedure (results are expressed in % except for the sum of metal

in each fraction in mg/g).

Fractionl Fracton2 Fraction3 Fraction4 Fraction5 Sum (mg/g)

Al

mixture #1 0 0 2 5 93 27,0

mixture #4 0 0 2 9 89 13,0

mixture #7 0 0 1 7 86 22,0
Cd

mixture #1 50 11 40 0 0 0,00077

mixture #4 35 12 53 0 0 0,00035

mixture #7 0 40 60 0 0 0,00011
Cr

mixture #1 0 0 4 55 40 0,008

mixture #4 0 0 2 23 75 0,022

mixture #7 0 0 4 27 69 0,024
Fe

mixture #1 1 10 67 14 8 44,0

mixture #4 3 6 61 17 14 320

mixture #/ 4 6 51 15 26 38,0
Mn

mixture #1 16 28 31 8 17 0,28

mixture #4 14 11 59 4 12 0,44

mixture #7 15 13 31 7 35 0,45
Ni

mixture #1 6 9 64 21 0 0,11

mixture #4 12 6 37 38 7 0,047

mixture #7 10 10 59 17 4 0,083
Pb

mixture #1 4 0 54 40 0 0,016

mixture #4 0 0 0 3 96 1,40

mixture #7 2 0 44 13 44 0,023
Zn

mixture #1 1 3 76 21 0 0,54

mixture #4 1 2 73 24 0 0,20

mixture #7 1 4 86 9 0 0,24
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(6-10%), or soluble and cxchangeable (1-4%). The iron carbonate and oxyhydroxide
precipitation as siderite, ferrihydrite, goethite and lepidocrocite was suggested by Vminteq
modeling. The sum of metal holdup in mixture #1, #4 and #7 were respectively 72 mg/g, 47
mg/g and 61 mg/g (mixture #1 seemed to have the higher metal retention capacity).

Figurc 3.6a to Figure 3.6¢c show secondary clectron images and related X-mapping of the
main chemical elements observed on reactive mixture #1, #4, and #7 using the EDS
technique. X-mapping technique 18 more appropriate for polished sample sections. However
in the case of this study, X-mapping was done on unpolished material. The X-mapping for
the three mixtures showed a superposition of iron, oxygen, carbon, and aluminum. This
observation confirms the precipitation of oxide or hydroxide phases of iron or aluminum at
the surface of organic material (represented by carbon). Moreover, a superposition of iron
and sulphur is observed in Figure 3.6a and 3.6b. This observation suggests a possible
precipitation of iron sulphide in these two columns. However, sulphide mineral observation
was difficult due to the sample preparation. Indeed, SEM analyses require dry samples, and
sulphide minerals were probably oxidised and transformed into hydroxides. A similar remark

could be applied for sequential extraction procedure analyses.
3.3.10 JCHESS modelling

Redox potential versus pH diagram was made using JCHESS version 2.0 to better visualize
the iron behaviour in the columns. The temperature selected to construct the graph (see
Figure 3.7) was 21°C (laboratory temperature), and activity of iron and sulphates were
calculated using Vminteq 2.53 (average concentrations were used for cach biorcactor).
Magnetite and hematite were excluded from the diagram because their formation conditions
are different from those observed in our columns. Based on modelling results, iron retention
in each column occurred mainly because of goethite precipitation; these results are in
accordance with sequential extractions that showed that most of the iron was contained in the
reducible phase or in Fe-Mn oxides-hydroxides (fraction 3). Morcover, column effluents
were near the arca of pyrite stability, and confirmed that locally some iron sulphide could

precipitate. Another treatment step would be required to promote iron sulphide precipitation.
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Figure 3.6 SEM images (secondary electron mode) and elemental maps: a) mixture #1,

b)mixture #4 and c) mixture #7.
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This step should decrease the redox potential below approximately -100 mV using another
SRPB.

1000 -

Fg§q4+

AN Oxygen

600 + - i

800 -

400 - FesSO4aq

Goethite
200 + N

Eh (mV)
o

-200 +

-400 -

-600 -

o#1 o#4 a#7 mAMD

-800 +

-1000

Figure 3.7 Redox potential versus pH diagram for iron in the tested SRPBs
3.4 Discussion
3.4.1 SRPB performances

Period 1 was excluded to compare biofilter performances because columns were in starting
mode and not in a steady state (mainly due to the dilution of Postgate B medium). SRPB
performances depend mainly on three parameters; hydraulic retention time, SRPB mixture
and metal concentrations in AMD (Neculita et al., 2008a). There was no important
differences between the three columns tested (#1, #4 and #7) in terms of performance for pH,

Eh, alkalinity, iron and sulphate removal percentages for a given period (see Table 3.4).

Two HRT have been investigated during the treatment of the two types of AMD (AMD 1 and
AMD 2): 5 and 7 days. Results presented in Table 3.4 show that a higher HRT promoted
higher alkalinity generation whatever the AMD treated. A decreased of HRT from 7 to 5 days

(from period 4 to 5 for example) caused a decrease of alkalinity for column effluents from an
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average of 525-375 to 343-201 mg/L CaCO; depending on the mixture, and a decrease of
iron removal percentage (from 32-22% on average in period 5 to 18-14% in period 5). A
similar behaviour was also observed between Period 2 and 3. Average iron concentration was
between 955 and 980 mg/1. in period 2 (HRT of 5 days) and decreased between 732 and 615
mg/L in period 3 (HRT of 7 days). However, the small difference in performance between
results of columns with 7 days or 5 days of HR'T for alkalinity generation, iron removal
percentage, pH, Eh and sulphate concentrations suggests that 5 days or 7 days would be
acceptable options as HRT.

The third important parameter which affects SRPB performance is AMD iron concentration
(Neculita et al., 2008a). Indeed, for an HRT of 5 days, iron removal was on average between
33 and 27% depending on the mixture during period 5 when AMD with 4000 mg/L. of iron
was treated. This removal percentage was between 14 and 18% in period 2 when AMD with
1000 mg/L of iron was treated. For an HRT of 7 days, iron removal decreased from an
average of 50-37% in period 3 to 22-32% in period 4. The conclusion was that high iron
concentrations decreased the performance of iron retention for any of the three tested
mixtures probably because SRB were not cfficient to produce sulphides, and a short HRT

does not allow a significant precipitation of iron hydroxides.

The emphasis in this article is put on iron treatment. However, the performance of SRPBs
was also evaluated for other metals contained in the AMD solutions tested. Removal
percentages for Al, Cd, Cr, Ni, Zn for all columns were always higher than 90%, between 52
and 80% for Pb, and between 1 and 28 % for Mn. There were no real differences in this
present study between the three mixtures tested for metal removal performances. Mn removal
percentages are in accordance with those found in the literature for this element (Neculita et
al., 2008a, Potvin, 2009). Low Mn removal could be explain by several causes (Edwards et
al., 2009): precipitation is inhibited if the Fe/Mn ratio is too high (which is the case in our
study), precipitates were dissolved when ferrous concentrations are too high, and most other

metals preferentially complex with sulphides before Mn.

Sulphate removal never exceeded 24% (see Table 3.4) whatever the column for treatment

periods after 55 days (period 1 excluded). Sulphate removal was most of the time similar for
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the different columns, whatever the AMD treated and the HRT in the columns. The ratio
DOC/SO, decreased from 0.0133 for mixture #1, 0.0156 for mixture #4, 0.0567 for mixture
#7 at the beginning of the experiment to 0.004 for mixture #1, 0.0009 for mixture #4 and #7
at the end. This lack of available carbon (DOC) for bacteria explains (at least partially) the

low sulphate removal percentage (Neculita and Zagury, 2008).
3.4.2 Hydraulic residence time evaluation

HRT is a critical parameter that affects the performances of SRPBs, as shown carlier and in
the literature (Neculita et al., 2008a). HRT values can be estimated theorctically (using the
total volume, the porosity and the flow rate) and can also be measured using tracer tests. The
response of column #4 to a step injection of NaCl is presented in Figure 3.8. Chloride
concentration stayed relatively stable between 201 and 280 mg/L during 96 hours. Then,
chloride concentration increased to stabilize at approximately 2150 mg/L. at 264 hours; the
chloride concentration in AMD during the tracer test (5000 mg/L) was not completely

recovered.
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Figure 3.8 Chloride concentration evolution during the tracer test performed in column #4.

According to the chloride concentration, the system could be model as a succession of a plug
flow reactor with a hydraulic retention time of 96 hours (comresponding to the latency period)
and a continuous stirred reactor (corresponding to the increase of chloride concentration)
with a hydraulic retention time of 34.7 hours. The total hydraulic residence time of the

column #4 (sum of the plug flow reactor HRT and the continuous stirred reactor HR'T) can be
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estimated at 5.4 days. This hydraulic retention time corresponds to a total porosity of 0.47, a

value slightly higher than the one determined initially (0.41).

Result obtained from the tracer test also showed that the HRT did not decreased with time,
since the value estimated by the tracer test was close to the initial calculated HRT. The
deducted porosity at the end of the experiment (0.47) was slightly higher than the initial
porosity (0.41). The slight change of saturated hydraulic conductivity and porosity indicated
that no major clogging appeared in the column during the experiment; this observation was

also confirmed by visual observations at the dismantling stage.
3.5 Conclusions

The results presented in this study showed that treatment of high iron concentrated AMD
with SRPBs was limited. Although eight different mixtures tested in batch tests provided an
efficient metal removal (Genty et al., 2011b), continuous-flow column tests with three of
these mixtures did not allow ¢liminating the entire contamination. SRPB columns increased
the pH up to 6, allowing removal of metals like Al, Cd, Cr, Ni, Pb, Zn, but iron remained
present at a high concentration (approximately 3190 mg/I. to 3387 mg/l. on average for
period 3). This high iron concentration in biofilter effluents led to high acidity and caused a
decrease of effluent pH after few hours, when column effluents were exposed to atmospheric
conditions. The metal retention efficiency was slightly affected by hydraulic retention time;
when increased from 5 to 7 days, a longer HRT favoured alkalinity generation. In this study,
the difference in efficiency between the three tested mixtures was not really observable, as
opposed to the batch test results. The addition of 50 % weight of structural agent (calcitic
sand or sand), to improve hydraulic properties, did not affect the metal removal cfficiency.
Moreover, measurements of saturated hydraulic conductivity for mixtures with and without
50 % weight of sand or calcitic sand (mixtures #4, #7) showed that the structural agent did
not really improve the hydraulic properties. Saturated hydraulic conductivity values stayed
relatively stable (on average 2.1x10™ cm/s for column #4D and 9.9x10™ cm/s for column
#7D) during more than one year. Tracer tests carried out at the end of the column test showed
no major change in mixture porosity, and thus confirmed that the clogging phenomena were

not really present in the tested SRPBs. Iron retention mechanisms were mainly hydroxide or
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oxyhydroxide precipitation although sorption was an important phenomenon occurring
during the first days of treatment; sulphide precipitation was also present in the three studied
biofilters.

In summary, sulphate reducing biofilters were not efficient to remove adequately iron from
high iron concentrated AMD. Hence, a multi-step passive treatment system would probably
be a good option to treat highly contaminated AMD. SRPB could have an important
contribution in this treatment combination because of its capacity to generate alkalinity and to
retain most of the metals present in the AMD, but the addition of a specific step such as
sorption for iron removal seems to be essential to reach typical regulation criteria at the final

effluent.
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Abstract

Acid mine drainage (AMD) with high iron concentration is a major challenge for passive
treatment systems. Indeed, literature shows some limitations of these treatments, particularly
when sulphate reducing passive bioreactors (SRPBs) are used. These systems have
difficulties to remove iron, which lead to maintain a high acidity in the effluent. This study
assesses the capacity of wood ash filters to act as a polishing step afier a SRPB treatment of a
high iron AMD (4000 mg/L of Fe). The study consisted of a material characterization and an
evaluation of iron sorption properties. Five columns (1,7L) with different mixtures of fly ash

and sand were investigated to remove metal from a SRPB cffluent during 122 days.
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Characterization results showed that materials had a high specific surface arca (between 46-
159 m%/g), high organic carbon content (between 12 and 32%) and high paste pH (up to
12.2). Moreover, Freundlich isotherm model represented well the iron sorption phenomena
on material surface. The five columns allowed determining that wood ashes alone decreased
iron concentration during a period of more than one hundred days below 10 mg/L (99% of
iron removal), mainly due¢ to iron hydroxide precipitation and sorption. The risk of system
clogging was negligible in that case since saturated hydraulic conductivity stayed stable in
the range of 5.0x10° cm/s and 3.1x10” cm/s. Sulphates were also removed during the
treatment by gypsum precipitation at a percentage varying between 44 and 52% depending on

the column.

Keywords: acid mine drainage, wood ash filter, column tests, metal retention mechanisms,

sorption.
4.1 Introduction

Mine wastes produced during mining operations can cause a significant contamination of
drainage water mainly due to sulphide minerals weathering reactions (Kleinmann et al., 1981,
Blowes and Ptacek, 1994, Evangelou and Zhang, 1995). These chemical reactions lead to the
production of sulphuric acid, which decrcases the pH if no neutralizing minerals are present
in the mine wastes, and favours the leaching of metals (e.g. Akcil and Koldas, 2005).
Biological processes can also catalyze this weathering process called acid mine drainage
(AMD).
[4-1] FeS, +15/40, +7/2I1,0 — FlOH ), + 211,50,

AMD iron concentration can be elevated in several hard rock mine effluents in Canada
(higher than several thousands of mg/L. Aubertin et al., 2002), and provides high acidity to
the drainage. Several methods exist to treat AMD and to reach environmental regulating
criteria, the most employed is lime active treatment. In the case of closed mine sites, passive
treatment systems are preferred to conventional chemical treatment plants because they use
natural or waste materials and imply low investment, operating and maintenance costs

(Johnson and Hallberg, 2005, Skousen and Ziemkievicz, 2005, Neculita ¢t al., 2007).
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Recently, some studies on AMD passive treatment systems mainly tried to demonstrate the

effectiveness of single (one step) treatment system.

Passive treatment systems such as anoxic limestone drains (ALLD) and sulfate-reducing
passive biofilters (SRPBs) have demonstrated their effectiveness, at least in the short term,
for slightly or moderately-contaminated AMD (Hedin et al., 1994, Cravotta and Trahan,
1999). However their capacity to treat highly contaminated AMD (like with high iron
concentration) still has to be demonstrated (Genty et al, 2011a). Costa et al. (2008), Neculita
et al. (2008a) and Potvin (2009) showed that SRPBs could effectively treat AMD with an
iron concentration of approximately 500 mg/L and less. Genty et al. (2011b) and Genty et al.
(2011c¢) tested eight different SRPBs in batch and column tests to treat a high iron acid mine
drainage (pH 3.5, [SO,”] = 9000 mg/L and [Fe] = 4000 mg/L). Results showed that the
neutrali zation was effective for all columns and metal removal efficiency reached high values
{more than 90% on average) for Al, Cd, Cr, Ni, and Zn. Nevertheless, iron removal in the
tested AMD could not exceed approximately 20% for all three mixtures investigated. The
high iron concentration in the columns’ effluent provided high acidity (Kirby and Cravotta,
2005) which leads to a decrease in pH from 6 to below 4.5 after cight hours of contact with
air. Thercfore, single-step SRPBs improve water quality but cannot totally remove the

contaminants from a high iron concentrated AMD.

It becomes necessary for highly concentrated AMD to combine other treatment methods to
reach environmental targets (Champagne et al., 2005). Iron removal studies by Champagne et
al. (2003) were performed using a sorption step in a peat filter. Then, a series of SRPB, ALD
and settling pond allowed treating adequately AMD (pH of 3.2 and iron concentration of 189

mg/L).

Sorption filters containing an adsorbent material are not ofien used in classical AMD passive
treatment systems. However, these adsorbent materials can remove metal from water (c.g.
Blais et al., 1999, Polat et al., 2002, Champagne et al., 2005, Vadapalli ct al., 2008). In the
present study, wastes from wood combustion (by-product of encrgy power plant called
hereinafter wood ash filters) are tested for iron removal from a highly concentrated AMD

because of their local availability and their high carbon content. Wood ashes are presently
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considered as a waste but have a good valorization potential. This material is mainly
composed of bottom and fly ashes. Sorption properties of ashes mainly come from
amorphous iron and aluminium hydroxides, carbon, oxi-hydroxides, carbonated material and
silicated materials (Gonzalez et al., 2009). Biomass ashes, and particularly wood ashes
containing a lot of unburned material, such as those used in the present study, are not well
characterized in the literature compared to coal and petroleum coke fly ashes

(Ahmaruzzaman, 2010).

The main objective of the present study is to evaluate the capacity of wood ash filters to be
used in the two-step treatment of high iron concentrated AMD (approximately 4000 mg/L).
Wood ash filters were tested in the polishing step after an AMD treatment by SRPB.
Materials were first characterized, and sorption properties toward iron were determined; iron
18 selected here because it is the most problematic element of the tested AMD (see Genty et
al., 2011¢). Then, column tests were carried out to identify metal retention mechanisms in
more realistic conditions. Moreover, a saturated hydraulic conductivity investigation was

performed to evaluate the risk of clogging in wood ash filters.

4.2 Materials and methods

4.2.1 Water quality of the columns influent

Chemistry of the wood ash filters influent is given in Table 4.1. This contaminated water was
in fact the effluent of a passive treatment system (SRPB) tested in a laboratory column.
SRPB effluent presented low concentrations in metals except for Mn and Fe which were not
treated efficiently by the tested SRPBs (Neculita et al., 2008a, Neculita et al., 2008b, Genty ct
al., 2011c), and a relatively acidic pH (of approximately 4) due to the precipitation of iron
hydroxides following exposure of the effluent to atmospheric oxygen (Genty et al., 2011c¢).
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Table 4.1 Average concentrations (in mg/L except pH) of the main metals in the AMD and
the polishing column influent (SRPB effluent).

Elements AMD Column influent
Fe 4000 3200

Mg 10 30

Mn 35 33

Ni 2 0.1

Pb 0,5 03

sO”x 9000 8600

Zn 40 1

pH 35 4

4.2.2 Materials

Wood ashes® used to treat the contaminated drainage from the SRPB are by-products from a
cogeneration plant (located at Kirkland Lake, Canada) that uses wood wastes to produce
energy. These ashes, which are a mix of bottom and fly ashes, contained a significant portion
of carbon and gravel. Two other materials were obtained from wood ashes to evaluate their
capacity to treat AMD. The first material, named carbon wood ashes, was obtained by
processing wood ashes in water and by collecting floating particles by flotation. The second
material was obtained by screening dry wood ashes in a 1.18 mm si¢ve. These two materials
will allow evaluating the role of carbon and fine particles in the neutralization and metal

removal processes.
4.2.3 Physical, mineralogical and chemical characterisation of solids

Wood ashes, carbon wood ashes and fine wood ashes (below 1.18 mm diameter) were
characterized to determine their physical and chemical properties. Specific gravity (G,) was
measured by a helium pycnometer Micromeritics Accupyc 1330 and the specific surface area
(S,) by a surface analyser Micromeritics Gimini IIT 2375 on dry samples (nitrogen adsorption
with BET method). Particle size analysis was carried out using sieves having different

openings (Aitcin et al., 1983). pH was determined in deionized water using a solid to liquid

® 11 est a noter que d’autres matériaux sorbant ont été testés en laboratoire comme la tourbe (Voir
Appendice C).
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ratio of 1: 10 (ASTM, 1995a). Total carbon (TC) was measured under oxygen atmosphere
with an ELTRA CS52000 Carbon Sulphur Determinator PC Controlled. Total organic carbon
(TOC) was measured (by adding potassium dichromate and sulphuric acid and measurement
of excess of potassium dichromate) and total inorganic carbon (TIC) was calculated as the
difference of TC and TOC. Solids were digested in HNO,, Br,, HCI and HF (Potts, 1987),
and the liquid resulting from this treatment was analysed for clemental composition by
Inductively Coupled Plasma-Atomic Emission Spectrometry (ICP-AES) Perkin Elmer
OPTIMA 3100 RL (relative precision of 5%). X-ray diffractometer (XRD) Bruker axs D8
ADVANCE was used to identify the mineralogy of the crystalline fraction of the tested
materials. The instrument is equipped with a Cu anticathode and scintillation counter. Data
treatment was done using Bruker A.X.S. EVA software package. A thermogravimetric
analysis (TGA) coupled with a differential scanning calorimetric analysis (DSC) was
performed on cach material to complement the mineralogical information. Samples were
heated from ambient temperature to 1000°C at a rate of 20°C per minute under Nitrogen
atmosphere. The main advantage of this technique is that crystalline and amorphous phases
can be studied simultancously. Finally, cationic exchange capacity cvaluation consisted of
saturating all exchange sites with sodium ions (with a sodium acetate solution 1N) and to
desorb them with a solution of ammonium acetate 1N (method adapted from Zagury et al.,
2004). Sodium concentration was analysed using a Metrohm 881 compact IC pro ions
chromatograph (column Metrosep C415/40, elluent: 1.7 mmol HNO, and 0.7 mmol
dipicolinic acid, flow rate: 0.9 mL/min).

4.2.4 Sorption experiments description
4.2.4.1 Sorption isotherm and sorption kinetic models

The two most common isotherm models have been investigated in this work: the Langmuir
and Freundlich equilibrium isotherms (Al-Degs et al., 2006, Jha et al., 2008, Garcia-Mendicta
et al.,, 2009). The lincar form of Langmuir equation can be represented by the following
cquation [4-2]:
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C C
[4-2] z I &

9. DGm G

where C. is the equilibrium concentration of remaining metal in the solution (mg/L), q. is the
amount of a metal adsorbed per unit mass of sorbent at equilibrium (mg/g), .y is the amount
of adsorbate at complete monolayer coverage (mg/g), and b (L/mg) is a constant related to
the heat of adsorption. Freundlich lincar isotherm can be expressed by the following

cquation:
[4-3] logq, =logk , +n.logC,

k¢ 18 the equilibrium constant (mg/g) indicative of adsorption capacity ,and n represents the

sorption equilibrium constant.

Sorption kinetic models can be divided into two main types: reaction-based models and
diffusion-based models (Ho et al., 2000, Al-Degs et al., 2006, Jha ct al.,, 2008, Garcia-
Mendicta et al., 2009). Equations [4-4], [4-5] and [4-6] represent three different sorption

models:
t
4-4 seudo first order: lo —g)=lo — k.
[4-4] P &(q. —g:)=log g, — k.o
1
[4-5] pscudo second order: =—+k,t
g, — 4, q,.
. . t 1 t
[4-6] pseudo second order for chemisorption: — = ~+—
d; ks -9, d.

where q; 1s the amount of a metal adsorbed per mass unit of sorbent (mg/g) at time t (s), k; is

the pseudo first order rate constant (s*), k, and ks the pseudo second order rate constant

(g.mgs™).

However, if the external or internal diffusion of metal cations is the rate-limiting step in

metal sorption, kinetic reaction law can be represented respectively by:
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C
[4-7] external diffusion : In C—f =—k,. ;.I

[4-8] internal diffusion : ¢q, =k, .t'"*

with C; the initial concentration of metal in the solution (mg/L), C, the concentration at the
time t, kg and ky are the external and internal diffusion coefficient (respectively in cm/s and

mg.g”.s%), A the external surface of absorbent (cm?) and V the volume of adsorbant (cm?).
4.2.4.2 Sorption isotherm and Kinetics experiments

Two grams of adsorbent (wood ashes, carbon wood ashes and wood ashes below 1.18 mm
diameter) were weighted and placed into 200 mL erlenmeyers. For isotherm experiments,
100 mL. AMD solutions of different concentrations (from original AMD to AMD diluted fifty
times; see Figure 4.1 for AMD concentration) were prepared and then transferred into the
sample bottles. Diluted AMD solution was used in batch test although only iron
concentration was measured. Indeed, since ionic competition can occur on sorption sites, it
was considered more representative to use AMD solutions with numerous metal salts
(Limousin et al., 2007) instead of dcionised water with a known iron concentration. The
sclected ratio solid material / solution ensure that equilibrium conditions are reached (all the
metal ions arc not adsorbed which allows determining the equilibrium point, Gupta et al.,
2009). For kinetics experiments, 100 mL of aqueous AMD solutions were transferred into the
sample bottles. The sample erlenmeyer flasks were placed on a shaking table (200 rpm) at
21°C. Experiments were conducted at pIH 3 and 6; pH adjustment was performed by adding
NaOH 1N or HCI 1N solutions. Samples for isotherm experiments were filtered (0.45 pm)
for metal analysis by ICP-AES after reaching equilibrium (24 h). Sorption capacity (. (mg/g)
of the sorbent was calculated by the mass balance equation [4-9] (Al-Degs et al., 2006):

V
[4-9] q.=[C,-C.]—
"

where C;, C., V, and m arc respectively initial metal concentration (mg/L), metal

concentration at equilibrium (mg/L), total volume (L) and weight (g) of sorbent. Water
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sample for kinetic experiments were taken and filtered (0.45 um) for metal concentration

determination at Oh, 0.5h, 3h, 7h and 28h.
4.2.4.3 Analysis of material surface by FTTR

Fourier Transform Infrared spectroscopy (FTIR) is one of the most widely tool for organic
coumpound identification (Griffiths, 1975). FTIR allows mainly determinating organic
functional groups at the surface of samples but quantification is often not easy (Skoog et al.,
1997). Materials surfaces before and after iron sorption were analyzed with a FTIR
spectrometer Tensor 27 Bruker AXS under ambient conditions after 24 h of contact with
AMD according to isotherm experiments. Dry samples were placed on a ZnSe mirror and
analysed using reflection mode HATR (Horizontal Attenuated Total Reflection) from PIKE
(MIRacle Single Reflection ATR) in the wave number range of 500-4000 cm™. The shift of
some organic function peaks in FTIR spectrum or modification of intensity of the peaks after
contact with a metal solution (AMD) indicate that these functional groups interfere with

metals (Deng and Ting, 2003, Nurchi et al., 2010).
4.2.5 Column experiment description

Five 1.6 L columns (20 cm in height and 10.5 cm in diameter; see Figure 4.1 for a schematic
representation) were made to determine the capacity of wood ashes to improve water quality
(particularly to remove iron) after a sulphate reducing passive biofilter. Polishing columns
filled with five different mixtures were investigated (Table 4.2). These mixtures were chosen
to determine the influence of the type of fly ashes (carbon and fraction below 1.18 mm
diameter) and sand proportion on iron removal and on column clogging. Sand used in some
mixtures was 97% silica and had the following particle size characteristics: Dy (Dy is the
effective diameter, corresponding to x% passing on the cumulative grain-size distribution

curve) of 0.22 mm, a Dsg of 0.32 mm and a uniformity coefficient (Cy=Dgo/Dyg) of 1.7.



Table 4.2 Polishing column mixture composition (% w/w dry) and characteristics

Mixture #1 #2 #3 #4 #5

Mixture composition

Wood ashes 100% 40% 70%

Carbon wood ashes 100%

Wood ashes (below 1.18 mm diameter) 100%

Sand 60%  30%

Column characteristics

Column number #1 #2 #3 #4 #5

Mixture mass (dry g) 1089 471 1027 1537 1408

Height (cm) 20 20 20 20 20

Estimated porosity 0.47 0.68 0.57 0.44 0.44

Estimated HRT (days) 53 7.8 6.6 5.0 5.1
10,5 ¢cm

'y
V
'
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'
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.
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Figure 4.1 Polishing column test configuration (figure not to scale)
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Polishing columns were fed with the SRPB effluent by a peristaltic pump (from bottom to top
at a flow rate of 0.1 mL/min). SRPB column tests are presented in Genty et al. (2011¢). The
base of the columns was made of a perforated plastic plate covered by a geotextile. Porosity
was estimated with the water volume needed to fill up the column; porosity values varied
from 0.68 to 0.44, as showed in Table 4.2. Considering a flow rate of 0.1 mL/min, the HRT
were 5.0 days for column #4, 5.1 days for column #5, 5.3 days for column #1, 6.6 days for

column #3, and 7.8 days for column #2.
4.2.6 Analytical method for water quality evaluation

pH, Eh, sulphate, acidity, alkalinity, and metal concentrations of both influents and effluents,
were determined during the experiment. pH was determined with an Orion Triode sensor
coupled with a Benchtop pH/ISE Meter Orion model 920 (relative precision +/- 0.01 pH) and
Eh (redox potential, values were corrected relative to the standard hydrogen clectrode) was
measured by a Pt/Ag/AgCl sensor linked to a Benchtop pH/ISE Meter Orion 920. The
alkalinity concentration was obtained by ftitration on non-filtered sample with sulphuric acid
0.02N (precision of 1 mg CaCOy/1.) and the acidity concentration by titration on non-filtered
sample with sodium hydroxide 0.1N (precision of 1 mg CaCQ,/L). Filtered samples (0.45 pm
filter) used to quantify metal content were acidified with 2% volume with nitric acid (70%)
before analysis by ICP-AES. Sulphate determination assumed that all sulphur was under a
sulphate form (sulphate concentration was obtained by multiplying sulphur concentration by
the ratio of sulphate molar mass on the sulphur molar mass, Potvin, 2009). This hypothesis

was confirmed by thermodynamic modeling (sulphur was mainly under sulphates form).
4.2.7 Saturated hydraulic conductivity evaluation

To quantify a possible clogging of the tested systems, saturated hydraulic conductivity k.
was evaluated monthly on the columns during the operation using the falling head method
(adapted from ASTM, 1995b). Values of ky (cm/s) were calculated with the following
equation (McCarthy, 1977):

[4-10] k., =—In(—)
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where a (cm’) is the area of the water head column, L (cm) the length of the sample, 4 (cm?)
the arca of the sample, ¢ (8) the time necessary for the water head column to drop from the

head A (cm) to A, (cm).
4.2.8 Columns post-testing characterisation

At the end of the experiment, samples were collected at 10 cm from the top for each column.
Metal fractionation in the five tested mixtures was estimated with a semi-quantitative
sequential extraction procedure (SEP) (Zagury et al., 1997, Neculita ¢t al., 2008b). The five

fractions were extracted from 1 g of wet solid sample using different reagents:

- Soluble and exchangeable metals (extracted with 8 mL MgClL, 0.5 M, pH 7, 1 h at room

temperature)

- Carbonate bound (leached by 8 mL NaOAc 1 M buffered with HOAc, pH 5, 5 h at

room temperature)

- Reducible or bound to Fe—Mn oxides (extracted with 20 mL NH,OH-HC1 0.04 M in
25% (v/v) HOAc, 6 h at 96°C)

- Oxidisable or bound to organic matter (released by 3 mL HNO,, 5 mL H,0, 30% pH 2,
2 h at 85°C, then 3 mL H,0, 30% pH 2, 3 h at 85°C, and 5 mL. NH,OAc 3.2 M in 20% (v/v)
HNO, 0.5 h at room temperature). Solution was diluted to 20 mL.

- Residual metal fraction (dissolved by acid attack with HNO,, HF, and HC1).

To evaluate the mineralogy of solid crystalline phases produced in the columns, XRD
analyses were carried out on samples coming from each column. Then, a Hitachi 3500-N
scanning clectron microscope (SEM) with the secondary ¢lectron mode coupled with an
energy dispersive spectrometry (EDS) of an X-ray probe (voltage of 20 keV, amperage of
140 A, pressure around 25 kPa and work distance of 15 mm) was used to characterize the
microstructure, texture and chemistry of samples. Chemical analyses of samples from the

tested columns were performed according to the methodology presented in section 2.3.
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Finally, chemical speciation at equilibrium was estimated using the composition of column
cffluents. Saturation index of the main minerals susceptible to precipitate were calculated
using a thermodynamic chemical equilibrium model (Vminteq v 2.53) with the activity

correction proposed in the SIT model (KTH, 2010).
4.3 Characterization results
4.3.1 Materials characterisation

Physical and chemical characteristics of the reactive materials are showed in Table 4.3. As
expected, fine fraction wood ashes (below 1.18 mm diameter) had the smallest particle size
distribution (D, of 0.09 mm and D;; of 0.45 mm) and the highest specific gravity (G, =
2.70). Carbon wood ashes had a G; of 2.55 and had the coarsest particle size distribution (D
of 0.66 mm and Ds; of 1.15 mm). Woods ashes specific gravity was 1.74. Each matenial
contained a non-negligible part of organic carbon (between 12% for wood ashes below 1.18
mm diameter and 32% for carbon wood ashes). These high total organic carbon (TOC)
contents indicate that the three materials contained a lot of unburned wood (unburned wood
was directly linked to the TOC content). Thus, carbon wood ashes had the highest TOC
content (64%) because of the preparation method (wood ashes concentration by collectorless
flotation). Wood ashes and wood ashes below 1.18 mm diameter had a total carbon content of
respectively 36% and 31%. S, values were approximately 46 m’/g for wood ashes, 159 m*/g
for carbon wood ashes, and 52 m®/g for wood ashes below 1.18 mm diameter. These

relatively high specific surface areas should provide good sorption ability.
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Table 4.3 Reactive material characteristics

Wood Carbon wood bW100d ashes
ashes ashes Slow 118 mm
diameter

Physical characteristics

Dsp (mm) 0.60 1.15 0.45

Do (mm) 0.11 0.66 0.09

Specific gravity 1.74 2.55 2.70

Specific swiace area (mz/g) 46.03 158.77 51.60
Chemical characteristics

Total carbon (% dry) 36 64 31

Total argamc carbon (% dry) 19 3z 12

Total norgame carbon (% dry) 17 32 19

pH 12.2 99 10.3
Element abundance by ICP-AES

Al (wt%) 23 21 0.5

Ca (wt%) 12.3 14.0 7.2

Fe (wt%0) 1.5 14 0.4

Mg (wt%0) 1.4 13 0.6

Mn (wt%) 0.2 03 0.1

S (wt%) 0.2 0.2 0.1

Wood ashes were more alkaline than the other wood ash materials studied. Indeed their pH
was 12.2 compared to 9.9 for carbon wood ashes and 10.3 for wood ashes below 1.18 mm
diameter. Digestion of materials and analysis of metal content showed that calcium was an
important element (12.3% for wood ashes, 14.0% for carbon wood ashes and 7.2% for wood
ashes below 1.18 mm diameter). However, digestion was not complete because some
particles were not totally dissolved at the end of the preparation. Mineralogical quantification
by XRD on initial material could not be done because the studied materials contained a large
part of amorphous phases. Nevertheless, XRD showed that quartz and calcite were mainly
present in crystalline fraction of the three materials; presence of calcite was in accordance
with the relatively high calcium concentration (between 7.23 and 14%) determined by ICP-
AES on solid samples. Other minerals were identified in the materials: silicates (muscovite,
albite, anorthite, actinolite, chlorite, and microcline), sulphates (gypsum), oxides (rutile),
carbonates (siderite), and sulphur. Silicates, oxides, sulphates, silica and carbonates have
been identified in fly ashes from different sources (Gonzalez et al., 2009). The thermal
analysis TGA-DSC (see Figure 4.2) performed on the three initial wood ash materials

allowed determining which material contained the highest calcite content. The differential
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weight loss curve and the DSC signal showed two main endothermic weight losses occurning
at 82-88°C and 753-767°C. The first loss at 82-88°C is probably due to the uptake water
release because sample were dried at only 40°C before analysis. Between this temperature
and 700°C, a regular loss of weight appeared for each material, corresponding to the
decomposition of organic unburned materials present initially. The last reaction at 753-767°C
is due to caleite decarbonatation (CO; release, Ouellet et al., 2006). Results showed a weight
loss of 6.9% for wood ashes, 6.8% for carbon wood ashes and 10.1% for wood ashes below
1.18 mm diameter. These last results showed that wood ashes below 1.18 mm diameter have
probably the highest carbonate content and contradicted the result of metal quantification by

ICP (probably because of the partial chemical digestion mentioned earlier).

a . wood ashes
= === f carbon wood ashes
1™ =="¢: wood ashes below 1,18

Deriv. Weight { %/*C)
Heat Flow {VW/g)

Temperature ("C}

Figure 4.2 TGA and DSC profiles (weight percentage and heat flow in W/g versus

temperature in degree Celsius).
4.3.2 Sorption batch test results and iron retention

Table 4.4 presents the fitting of Langmuir and Freundlich models with experimental isotherm
data’. Freundlich model was more appropriate to represent the isotherms obtained for both

pH 3 and 6, and for the three wood ash materials tested. The Freundlich model indicated that

° Data used to built sorption test graphs are available in Appendice G.



100

sorption was done on a heterogencous surface (Jha et al., 2008). Furthermore, isotherm
results showed that iron removal was more important at pH 3 than at pH 6 with higher k¢
values (kg represents the adsorbed quantity of iron in mg per gram of material for an iron
equilibrium concentration of 1 mg/L.), and that wood ashes below 1.18 mm diameter had the

highest iron retention capacity.

Table 4.4 Iron sorption isotherm models for pH 3 and 6 on the three wood ash materials
studied (F=Freundlich)

Isotherm models pH3 pH6
e e vy, =l
2. - = © g
_ ke . . ke .
= 2 5 jmg] 2 -
- R (mg/g) n - R (mgie n
Wood ashes F 0,81 16.62 0.14 4937 F 097 841 0.21 3896
Carbon wood ashes F 0,78 14.87 028 10823 F 0,99 436 0.43 7530
Wood ashes below
1.18 mm diameter F 0,68 81.65 064 16830 F 0,99 2368 060 11235

q. (mg/g) values calculated with equation [4-13] are noted in the paper as qe preundich- At pH 3, Co
was 3370 mg/L and at pH 7 2260 mg/L.. m value was 20.

Sorption phenomena can also be described by kinetic sorption tests. The equilibrium capacity
(q.) has been determined in order to use kinetic models presented in [4-4] and [4-5]. The
values of q. were calculated from the Freundlich equation. The equilibrium concentration C,
can be represented by the following equation ( Al-Degs et al., 20006):

[4-11] C.=C,-C

surface

where, Cy and Cyypace are, respectively, the initial concentration of iron (mg/L) and the surface
concentration at equilibrium (mg/L). The ratio of the sorbent mass (g) to the volume of the

solution (L) can be presented as the parameter m,;

[4_12] m o= Hass
" volume

The surface concentration (Cqyypee) i8 €qual to ™ .q,
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By combining equations [4-3], [4-11] and [4-12], q. (mg/g) values were calculated using the

following equation:
[4-13] log(qe ) - log(kf) — A log(cl) —m. g, ) =0

Values of g, which solved equation [4-13] are called qe preunaicn and are presented in Table 4.4.
These values were then used to model experimental kinetic data according to equation [4-4]
to [4-8]. Table 4.5 shows that several kinetic models can fit to experimental data with a high

correlation coefficient for most materials at the two tested pH.

The selection of the most appropriated kinetic model was made by calculating the sum of
square of the errors (SSE) according to Cheung et al. (2000) and Al-Degs et al. (2006).
[4-14] SSE =734, . ~Gms)

t.exp

where g, ., and g, ., are the experimental sorption capacity of iron (mg/g) at time t and the

corresponding value obtained with the kinetic models. ¢, was determined using kinetic

models according to parameter of Table 4.5 and equation [4-4] to [4-8]. The model with the
lower SSE value can give an indication of the sorption limiting step (Cheung et al., 2000, Al-
Degs et al.,, 2006). According to the SSE values, the model that best represents the sorption
kinetic for wood ashes and carbon wood ashes at pH 3 and wood ashes below 1.18 cm at pH
6 was a pseudo second order reaction (equation [4-6]). This reaction is typical of
chemisorption reaction (Ho et al., 2000). For wood ashes and carbon wood ashes at pH 6 and
fine wood ashes (below 1.18 mm) at pH 3, the kinctic limiting step seemed to be the diffusion
of iron to the sorption site. This diffusion could be external (equation [4-7], wood ashes, pH
6) i.e. the surface process occurred on the exterior of the sorbent particle, (equation [4-8],
carbon wood ashes, pH 6 and wood ashes below 1.18 mm, pH 3) or internal i.e. the process
of sorption is controlled by a migration of iron ions inside the sorbent particle (Al-Degs et al.,

2006).
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Table 4.5 Iron sorption kinetic models for pH 3 and 6 on the three wood ash materials studied

Diffusion
pH3 Kinetic reaction models reaction models
Material: U?E 0’?5‘ 79 o/(_?z‘—‘ oo
5 = = BB %L 5k
= el /
ke " w B T -
Kinetic model R Y "
Wood ashes pseudo second order [4-6] 099 - - 0.0032 12658 - -
Carbon pseudo second order [4-6]  0.99 - - 0.0029 133.33 - -
wood ashes
Wood ashes pseudo first order [4-4] 0.99 0,093 - - 8.60 - -
below 1.18  pseudo second order [4-6] 0.97 - - 0.012 181.82 - -
mm diameter external diffusion [4-7] 098 - - - - 0,10 -
internal diffusion [4-8] 098 - - - - 30.18
Diffusion
pH6 Kinetic reaction models reaction models
Material : U?tg\—‘ U/a\g,—‘ e 06\;‘_‘ :—;g\:‘—
5 5 5 REL e
5 G R g I T
kl :; DL 0:& E. — —
Kinetic model R Y ~
Wood ashes pseudo second order [4-6] 099 - - 0.023 12346 - -
external diffusion [4-7] 099 - - - - 0,148 -
internal diffusion [4-8] 091 - - - - - 21.66
Carbon pseudo first order [4-4] 0.99 0.092 - - 6.39 - -
wood ashes pseudo second order [4-5] 0.97 - 0.0062 - 29412 - -
external diffusion [4-7] 091 - - - - 0,036 -
internal diffusion [4-8] 099 - - - - - 13.29
Wood ashes pseudo second order [4-6] 0.99 - - 0.0035 12346 - -
below 1.18  external diffusion [4-7] 093 - - - - 0,360 -

mm diameter

Only best fit model (with R*>0.90), are presented.

Sorption of metal onto a material surface is complex and numerous mechanisms can occur

such as adsorption (physisorption or chemisorption), cationic exchange, and surface

precipitation. Isotherms and kinetic tests characterization allow respectively describing the

sorption mode (sorption onto a homogeneous surface or a heterogeneous surface) and to

determine if the diffusion of metal or the reaction at the surface is the limiting step during the
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sorption mechanism. However, the mechanisms of sorption cannot be specifically identified.
The measured CEC values for the reactive materials showed that ion exchange is one of main
sorption phenomena that explain iron retention in the three tested wood ash materials. Values
of CEC were 24.9 meqg/100g (drv) for wood ashes, 49.8 meq/100g (dry) for carbon wood
ashes and 12.8 meqg/100g (dry) for wood ashes below 1.18 mm diameter. These values are in
the same range as those observed for organic material like compost (53.2 meqg/100g,
Karathanasis et al., 2010), but lower than that of peat (119.5 meq/100g,, Twardowska and
Kyziol, 2008), which is recognized has having a high CEC (Twardowska and Kyziol, 2008).
Indeed, activated carbons, which are close to the tested material of this study, arc usually not

considered to have a high exchange capacity (Johnson et al., 1986).

FTIR analyses of the material surface after iron sorption can help to understand the surface
reaction mechanism responsible of metal retention (Deng and Ting, 2005, Nurchi et al.,
2010). Indeed, the formation of hydroxide phases on the surface during iron sorption was
suggested by the FTIR analysis. A difference appeared in FTIR spectrum (see Figure 4.3)
between samples before and after sorption with iron (3370 mg/L., pH 3). These changes
appeared mainly at wavelengths of approximately 2800 to 3600 cm™. The main peaks were at
3242 and 3395-3547 cm”. This range in the FTIR spectrum is typical of hydroxide lattice
water or hydroxo-group (Deng and Ting, 2003, Prasad et al., 2006, Twardowska and Kyziol,
2008). Formation of iron hydroxides at the materials surface is plausible because materials
had high paste pH (between 9.9 and 12.2 depending on the material) and iron precipitation at
these pH values is probable.
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Figure 4.3 FIIR profiles before and afier iron sorption tests on the three wood ash materials
studied

4.4 Column treatment performances
4.4.1 Treatment with wood ashes after a sulphate reducing biolilter

Values of pH in the polishing column effloents rose up initially to approximately 11 for
columns containing 100% (column #1), 70% (column #5) and 40% (column #4) of wood
ashes. For woed ashes below 1.12 mm diameter {column #3) and carben wood ashes (column

#23, pH increased initially up to respectively 8-10 and 7-8 {Figure 4 4a). Then pH decreased
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progressively with time to a value of approximately 6 for all columns except for column #2
which maintained a pH close to the one of the SRPB effluent (average pH of 3.5) at the end
of the experimental period. The redox potential (Eh) value decreased between -100 mV and
100 mV for each column (Figure 4.4b). However, the values tended to increase with time; for
column #2, Eh increased rapidly after 80 days to reach the value observed at the SRPB
effluent column (approximately 526 mV).

Iron concentration decreased from approximately 2972 mg/L. for the SRPB effluent to below
7 mg/L. during the first 108 days for column #1 (see Figure 4.4c¢). Then, iron concentration
increased rapidly to reach the initial SRPB effluent iron concentration. A similar trend was
observed for the other columns but the time (called the breakthrough time) to reach the SRPB
effluent value was different: 20, 53, 60 and 67 days (before this date, iron concentration was
below 1 mg/L) for column #2, column #3, column #4, and column #3, respectively. The
number of pore volume (see Figure 4.5) necessary to saturate sorption sites with iron for each
column were estimated to 20, 14, 13, 9 and 6 days for column #1, column #5, column #4,
column #3, and column #2, respectively. This result means that the treatment life of a

polishing treatment step is affected by the type of material used.

Sulphate retention was effective before the breakthrough time with a decrease from values
higher than 8640 mg/I. on average for SRPB effluent to below 4869, 4200, 4422, 4920, 4416
mg/l. for columns #1, #2, #3, #4 and #5 exit, respectively (see Figure 4.4d). The
breakthrough time was approximately 108, 81, 74, 60, 53 days for column #1, column #5,
column #3, column #4, and column #2 respectively. After this period, sulphate concentration
increased to values similar to those observed at the SRPB effluent. A release of sulphates was
also observed at the end of the experimental period since concentrations at the effluent of all

polishing columns exceeded influent concentration.

Alkalinity (Figure 4.4¢) was generated in cach column with higher values for column
containing carbon wood ashes (average value of 227 mg/LL CaCOQ,; for column #2, and
between 53 and 80 for the four other columns). Acidity evolution (sec Figure 4.4f) was
related to iron concentration at the exit of the polishing columns. Indeed, acidity increased

from low values (close to 0 mg/L CaCQ,) before the breakthrough time for iron to values
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similar to SRPB effluent and even higher at the end of experiment (approximately 4000 mg/L
CaCOs).

A breakthrough can also be observed for the other metals present in the SRPB effluent (Mn,
Ni, Pb and Zn). Metal retention was relatively effective before this breakthrough time in each
column with concentrations below 10 mg/L for Mn, 0.1 mg/L for Ni, 0.3 mg/L. for Pb, and 1
mg/L for Zn. The breakthrough for Ni, Pb and Zn was observed at 108 days for columns #1,
47 days for columns #2, 74 days for columns #3, between 67 and 74 days columns #4, and
between 74 and 81 days for columns #5. The breakthrough happened for Mn at the same time
as for Ni, Pb and Zn for columns #1, #2 and #5 (respectively 108, 47 and between 74 and §1
days). The breakthroughs for Mn in columns #3 and #4 were after 40 days and 47 days
respectively. After the breakthrough, effluent metal concentrations of polishing columns

reached the concentrations of the initial SRPB effluent.

Saturated hydraulic conductivity (ke is a useful parameter to cvaluate the long term
performance of a filter and particularly to quantify the clogging phenomenon (Seki et al.,
2006, Soleimani et al., 2009). Saturated hydraulic conductivity ky,; stayed relatively stable for
cach column at values between 5.0x10™ cm/s and 3.1x10” cm/s. These values seemed to
indicate that columns did not clog during the treatment. Morcover, high values of kg
measured during the test showed that materials were relatively permeable (values similar to

sandy materials, Chapuis, 2004).

Globally, the polishing column containing only wood ashes had the best treatment
performance. Indeed, metal retention was effective during the longest period (compared to
the other matenals) while keeping a saturated hydraulic conductivity similar to those of wood
ashes containing sand (said differently, adding sand to the studied wood ashes was not
necessary to avoid clogging of the system). According to the literature (e.g. Benner et al.,
1997), adding sand should prevent clogging and improve the saturated hydraulic
conductivity. Morcover, adding sand did not affect the HRT (columns #1, #4 and #5 had
similar HR'T). However, sand affected the treatment performance, since column #1 was more

efficient to remove iron than columns #4 and #5.
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4.4.2 Metal retention mechanisms

According to the literature, metal retention in wood ash materials occurs in different ways.
Aluminium removal mainly comes from the precipitation of amorphous hydroxides at pH
higher than 5 (Vadapalli et al., 2008). Other metal removal, like Ni, Zn, Pb, Cr, Cd, could be
attributed to precipitation, co-precipitation, sorption onto the surface of fly ashes and sorption
onto amorphous Fe, Al hydroxides and oxohydroxide (Polat et al., 2002, Gitari et al., 2006,
Gitari et al., 2008, Vadapalli ¢t al., 2008, Gonzalez et al., 2009, Ahmaruzzaman, 2010). XRD
analyses of samples taken from the five columns post-testing confirmed the precipitation of
magnesite (magnesium carbonate) for column #3, goethite (iron oxyhydroxide) and diasopre

(aluminum oxyhydroxide) for column #1.

In all columns, precipitation of a calcium sulphate occurred under the form of anhydrite.
Indeed, literature shows that sulphates can be removed by formation of calcium sulphate like

gypsum or ettringite in fly ash materials (Reynolds and Petrik, 2005, Vadapalli et al., 2008,
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Madzivire et al., 2010), but also by sorption onto iron hydroxide and oxi-hydroxi-sulphates
(Gitari et al., 2006, Vadapalli et al., 2008). Morcover, the XRD calcite line intensity was
lower than initially, which is probably due to calcite dissolution during treatment. This
observation is confirmed by the total calcium content in the post-testing samples, which
decreased between 0.7 and 12.2% afier treatment depending on the column (see Table 4.6).
Iron content increased between 0.6 and 6.4%, and sulphide between 0.9 and 2.7% depending
on the column (see Table 4.6). In addition, modelling using Vminteq at 10 days suggested a
precipitation of carbonate (calcite, magnesite, dolomite, rhodochrosite) and hydroxides
(geothite, lepidochrocite, ferrihydrite) in the five polishing columns. However, at the end of
the experiment (109 days), only the precipitation of geothite, lepidochrocite, ferrihydrite, and

siderite was possible according to the thermodynamic modeling (see Table 4.6).

Results about metal fractionation are summarized in Table 4.7. Iron, which was the most
problematic metal to be treated in the tested AMD, was stabilized mainly in the reducible or
bound to Fe-Mn oxides-hydroxides fractions (73.4-51.1%) confirming the possible
precipitation of goethite observed in XRD analyses and predicted by geochemical modelling.
The same observation is true for Mn, Pb and Zn. Oxides or hydroxides forms represented a
relatively stable phase for these metals. The second iron retention mechanism in term of

percentage was association with organic matter (15-28%).

The second observation pointed out by the sequential extraction procedure was that the
soluble or exchangeable fraction (fraction 1) was not negligible for Mn (between 2.9 and
33.3%) and for Ni (8.3 to 71.8%). The consequence is that precaution should be taken to
prevent remobilization of Ni and Mn. Moreover, the quantity of soluble or exchangeable
phase was always higher for each metal when carbon wood ashes were used as treating
material. Thus, use of carbon wood ash filter is not recommended because of the high
mobility of most metals retained on this material, and because this material had the shortest
metal retention efficiency period (see section 4.1.). Finally, SEM observations confirmed the
retention of sulphate under the form of gypsum (superposition of Ca, S and O in Figure 4.6b
for carbon wood ashes under the form of gypsum flakes). Iron was probably precipitated
under hydroxides or oxyhydroxides since Fe and O were superimposed for wood ashes and

carbon wood ashes (see Figure 4.6a and Figure 4.6b).
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Table 4.6 Metal retention mechanisms

Characterization (Observation 1n all columns Metal retention and neutralization
techmques mechanisms
XRD - magnesite in column #3 - formation of Mg carbonates

- geathite, diaspore in column #1
- anhydrite in all columns

- decrease of calcite ray intensity

- formation of Fe et Al
oxy/hydroxides

- formation of calcium sulphate

- dissolution of Ca carbonate during
column test

Digestion and
metal content
analysis by ICP-
AES

- decrease of Ca content : between
0.7t012.2%

- mcreased of Fe content: between
0.6 t0 6.4%

- mcreased of S content: between
0.9t02.7%

- dissolution of Ca mineral

- retention of Fe

- retention of S

Vminteq - at 10 days: precipitation of - formation of Fe oxy/hydroxides and
modeling magnesite, calcite, dolomite, carbonates (Mg, Mn, Fe, Ca)
rodochrocite, geothite,
lepidochrocite, ferrihydrite - formation of Fe oxy/hydroxides and
- at 109 days: precipitation of Fe carbonates
geothite, lepidochrocite,
ferrihydrite, siderite
Metal - fraction 3 had for most of metals - formation of reducible or bound to
fractionation the highest content Fe-Mn oxide-hydroxide phases
- non negligible fraction 1 for Ni - Ni and Mn were in part soluble or
and Mn exchangeable
- non negligible fraction 1 for - BEvery metal was soluble or
carbon wood ashes for every metal  exchangeable in high quantity for
carbon wood ashes
SEM-EDS - Fe and O were superimposed - formation of Fe oxy/hydroxides

- Ca, S and O were superimposed

- formation of calcium sulphate
(gypsum)
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Table 4.7 Metal fractionation in the five polishing columns after dismantling using sequential
extraction procedure (results are expressed in % except for the sum of metal in cach

fraction expressed in mg/g).
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Fe

wood ashes 0,5 8.0 51,1 280 12,5 &83E+H01
carbon wood ashes 5.1 0.5 76,1 168 1.6 &,19E+01

wood ashes below 1,18 mm 0,0 2.5 58,7 234 152 6,38B+01
40% wood ashes +60% sand 0,0 3.7 734 150 80 292E+01
70% wood ashes +30%sand 0,0 55 61,5 21,6 11,4 560E+01

Mn
wood ashes 5,9 150 504 188 99 3,13E+00
carbon wood ashes 333 3.5 184 175 273 35]13E-01

wood ashes below 1,18 mm 2.9 183 588 122 78 3,52E+00
40% wood ashes + 60% sand 5,7 289 498 102 54 1,11E+00
70% wood ashes +30% sand 4,5 189 510 141 11,5 2,30E+00

Ni
wood ashes 135 7.9 238 21,9 329 7.60E-02
carbon wood ashes 71,8 2.6 7.8 4.5 13,2 3,78E-02

wood ashes below 1,18 mm 20,4 8.1 33,1 17,9 20,5 4.89E-02
40% wood ashes +60% sand 316 148 418 118 00  239E-02
70% wood ashes +30% sand 83 52 458 113 293 & 53E-02

Pb
wood ashes 00 12 61,0 335 42 235E-01
carbon wood ashes 26,5 473 50,2 190 00 1,27E-01

wood ashes below 1,18 mm 0,0 1.3 65,0 296 41 2,45E-01
40% wood ashes +60%sand 00 44 791 166 00 1,48E-01
70% wood ashes +30% sand 0,0 1.8 653 330 00 1,12E-01

n
wood ashes 0.7 8.5 678 131 99  7.54E-01
carbon wood ashes 168 7.9 58,2 17,0 00 1,85E-01

wood ashes below 1,18 mm 0,7 10,0 653 146 94 6,89E-01
40% wood ashes + 60% sand 1.5 209 682 94 00 2,13E-01
70% wood ashes +30% sand 0.6 130 730 10,7 27 5,46E-01
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Figure 4.6 SEM images and elemental maps: a) wood ashes and b) carbon wood ashes.

4.5 Conclusion

Treatment of high iron concentrated AMD (4000 mg/L of iron) by sulphate reducing passive
biofilter (SRPB) is generally limited (Genty et al., 2011¢). Wood ash from cogeneration plant
is a low cost available material and is known for its metal retention properties and
neutralization capacity. Iron sorption isotherm corresponds to the Freundlich model for wood
ashes, carbon wood ashes and fine wood ashes (below 1.18 mm diameter) at pH 3 and 6.

However, the limiting steps of iron sorption depended on material and pH. A pseudo-second
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order reaction at the surface of material, or an internal and external diffusion of iron at the

surface of the grain could explain the sorption kinetic.

In this study, polishing treatment systems containing different wood ashes mixtures (wood
ashes, 70% wood ashes + 30% sand, 40% wood ashes + 60% sand, wood ashes below 1.18
mm and carbon wood ashes) were cvaluated for a contaminated drainage cffluent coming
from a SRPB, using five columns. Results showed that acidity can be neutralized and the
column which contained only wood ashes had the longest life time. This lifetime was
estimated at more than 100 days (corresponding to 20 pore volume). During this period, iron

concentration decreased form an average of 3200 mg/L and did not exceed 10 mg/1..

Iron (the most problematic element to be treated in the studied AMD) removal occurred
mainly due to hydroxides or oxi-hydroxides precipitation. Indeed, SEM analyses showed a
correlation between Fe and O elements on material surface and XRD analyses of post testing
material indicated the formation of gocethite precipitates in the material. Finally, sequential
fractionation of metal highlighted that iron was mainly contained (73.4-31.1%) in a reducible
or bound to Fe-Mn oxides-hydroxides fraction. Sorption could also play an important
treatment role since fraction 4 of sequential fractionation (bound to organic matter phasc) was
not negligible for cach material. The second important contaminant retained in columns was
sulphate. Indeed, concentration of AMD sulphate was decreased (removal percentage
between 43 and 51% depending on the column) mainly by precipitation of calcium sulphate
phases (gypsum or anhydrite). Because the wood ash filter system was efficient only for
approximately 20 pore volume to treat an cffluent with 3200 mg/L of iron on average, the
system would have to be changed periodically to maintain an acceptable water quality at the
exit of the system. Finally, this study showed that wood ashes could be a serious option to
substitute traditional materials (like limestone, peat) in passive systems because of their

neutralizing potential and metal removal properties.
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Abstract

A multi-step treatment of an acid mine drainage with an elevated iron concentration (pH = 3;
between 4000 and 2000 mg/L) was tested during one vear in 3 columns in series (total of 33
L) and in a medium size reactor (2640 L). The two multi-step systems include three separate
treatment sections. The first one consisted in a sulphate reducing passive bioreactor (SRPB)
with 50% of a SRPB reactive mixture (manure, sawdust, maple chips, compost, urea,
sediment, sand) and 50% of calcite. Its aim was to neutralize acidity and to remove a portion

of the metals. The second section contained wood ashes and acted as a neutralizer and an iron
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filter (iron retention by sorption and precipitation). The last section was a polishing SRPB
intended to remove the residual metals. The results showed that pH was increased to 6 on
average in both columns and medium size reactor, and that redox potential (Eh) decreased
from 550 mV to -100 mV in the second SRPB of the reactor and to 135 mV at the exit of
columns. Iron, which was the most problematic clement in the tested AMD, was reduced to
approximately 100 mg/L in the medium size reactor, while it decreased to an average of 712
mg/L in the multi-step column treatment. The key element of the multi-step treatment system
is the capacity of the wood ash filter to retain iron. Once the filter is saturated, the
performance of the second SRPB can be affected. The water quality of the system reached
the Canadian mining effluent standards for other metals (such as Al, Cd, Cr, Ni, Pb, and Zn).

Keywords: acid mine drainage, sulphate-reducing passive bioreactor (SRPB), wood ashes,

column tests, medium size reactor, multi-step treatment.

5.1 Introduction

Acid mine drainage (AMD) is a major water pollution problem for the mining industry
{Aubertin and al., 2002, El-Gharmali et al., 2004, Gomes and Favas, 2006). AMD results
from the oxidation of sulphide mincrals, which produces acidity and relcases high
concentrations of dissolved metals (¢.g. Kleinmann and al., 1981; Blowes and Ptacek, 1994;
Evangelou and Zhang, 1995; Perkins and al., 1995; Morin and Hutt, 1997). Passive treatment
of AMD for closed mines is a more adapted solution than active treatment because of the low
investment and maintenance costs (Gazea and al., 1995, Morin and Hutt, 1997, Skousen and
Ziemkiewicz, 2005). However, passive treatment systems arc often performance and time-
limited for highly contaminated AMDs (e.g. Hedin et al., 1994, Trumm, 2006, Potvin, 2009).
Recent studies showed the limits of sulphate reducing passive bioreactors (SRPBs) for AMDs
with high iron concentrations (Neculita et al., 2008a, Potvin, 2009, Genty et al., 2011a, Genty
et al., 2011c). Indeed, metal hydroxides can be formed within the SRPB leading to a
reduction of sulphate reducing bacteria (SRB) activity and a modification of the hydraulic
behavior of the system (Neculita et al., 2008a). In addition, remaining iron at the output of
SRPB can cause effluent toxicity (Neculita et al., 2008¢) and re-acidifcation of the effluent

due to iron hydroxides precipitation (Genty et al., 2011¢). Hence, it may be necessary to
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combing several methods to treat highly contaminated AMD in order to reach environmental

regulation criteria at the effluent.

The use of combined treatment processes, also called multi-step treatment, showed very good
efficiency for AMD containing relatively low iron concentrations. Champagne et al. (2005)
used a serics of passive systems to treat an AMD with an iron concentration of 189 mg/L, a
pH of 3.2 and sulphate concentration of 3140 mg/I.. The treatment consisted of an aeration
stage and settling pond for iron pre-treatment (oxidation of ferrous iron into ferric iron
followed by precipitation of ferric hydroxides), a filtration step on peat (sorption of metals
and reduction of the redox potential in order to provide anoxic conditions), a biofiltration step
with a SRPB (to increase alkalinity, decrease metals), and finally a polishing step using an
anoxic limestone drain that increases the alkalinity (Rouhani et al., 2003, Champagne et al.,
2003). The performance of metal retention in the system reached 99% for most of metals
except Cd (Champagne et al., 20035). A second study by Figueroa et al. (2007) presents a
system composed of an oxic limestone drain followed by a SRPB to treat an AMD with an
iron concentration of 40 mg/1.. The oxic limestone drain allows a good treatment of iron by
precipitation and increases the pH of the effluent to ensure optimal conditions for SRPB. The
SRPB can retain adequately metals by sulphate reduction and sulphide metal precipitation.
The use of multi-step treatment should be one of the solutions to treat highly contaminated
AMD since one characteristic of AMD (one metal or pH, for example) of the pollution could

be treated in cach section.

Preliminary works on iron-concentrated AMD (approximately 4000 mg/L) showed that
multistep treatment with SRPB and wood ash filters were a promising solution (e.g. Genty et
al., 2011d). Before designing a field size treatment system, it was decided to evaluate the

treatment performance at the bench-scale and the laboratory pilot-scale.

To sum up, literature showed that the treatment of AMD with high iron concentration is a
challenge and that the multi-step treatment is probably the most appropriate option for this
type of AMD. The main objective of this study is to test in columns and in medium size
reactor (approximately 2000L) a multi-step treatment composed of an SRPB, followed by a
wood ash filter and another SRPB, for an AMD with an iron concentration between 2000 and
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4000 mg/L. Specific objectives are to evaluate the scale effect on the treatment efficiency and

metal retention mechanisms in the medium size test.
5.2 Materials and methods
5.2.1 Synthetic acid mine drainage quality

A synthetic acid mine drainage was produced with different salts dissolved in tap water (sce
Table 5.1) to feed the columns and medium size test. AMD was characterized by a high iron
and sulphate concentrations (respectively 4000 and 9000 mg/L., iron precipitation was
negligible because its concentration stayed relatively stable), typical of base metal mine sites
AMD (Aubertin et al., 2002). However'®, to take into consideration the variability of AMD
concentration, a second AMD (called AMD light) was prepared (Potvin, 2009). This AMD
light was characterized by lower iron and sulphate concentrations in comparison with the first

AMD (respectively 2000 and 5000 mg/L.).

Table 5.1 Targeted concentrations (in mg/L, except pH) of highly contaminated synthetic

AMDs
Elements  Salt used AMD AMD light
Al AL(804)3,1 8H,O 7 0.5
Cd CdS0,,8H,0 0,5 0
Cr CrK(S04),,12H,0 1 0
Fe FeS0,,7H20 4000 2000
Mg MgS04,7H,0 10 9.5
Mn MnS0,.H,O 33 6
Ni NiSO4,6H,0 2 0.5
Pb Pu(NO;), 0,5 0,1
SO, NapS04,10H,O 9000 5000
7n Zn30,4,7TH,O 40 40
pH HCI 1IN 3 3

19 Entre 2008 et 201 0, les concentrations en métaux du DMA du site Lorraine, sur lequel est basé cette
étude, ont changé. En effet, les concentrations en métaux ont diminué grace au systéme de prévention
de la formation du DMA installé sur le site Lormane. 1l s”agit d’une couverture multicouhe limitant la
diffusion de I’oxygéne vers les résidus. De fagon a mieux représenter I’évolution des concentrations du
terrain, deux DMA ont alors été traités en laboratoire.
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5.2.2 Column experiments description
5.2.2.1 Column test description

After preliminary laboratory tests'" (data not shown), it was decided that the AMD multi-step
treatment would be performed into three columns connected in series. The first column
(SRPB 1; 14 cm diameter, 70 cm height, 10.7 L), contained the SRPB mixture #1 as
described in Table 5.2. The second column (wood ash filter; 30 cm diameter, 25 cm height,
12.8 L), contained only wood ashes. The 3" column (SRPB 2; 14 cm diameter, 70 cm height,
10.7 L) contained the SRPB mixture #2 as described in Table 5.2. More details on sulphate
reducing SRPB reactive mixture and wood ash characterization and selection were detailed
clsewhere in Genty et al. (2011a), Genty et al. (2011b) and Genty et al. (2011c). Briefly,
SRPB mixture #1 contained 50% of calcite to ensure good pH neutralization; the other
components are sawdust, wood chips, chicken manure, compost, sediments and urca. SRPB
mixture #2 contained mainly organic materials (sawdust, wood chips, manure and compost)
to support an optimum bacterial activity. Sand (20%) is used in mixture #2 as a structural
agent for bacterial attachment. Finally, the high carbon content (36%) in wood ashes and its
high specific surface area (46 m’/g using the BET method) give to the material good sorption
capacities (Genty et al., 2011c).

! Différents matériaux et procédés ont été testés pour retenir du fer: des carbonates suivis d’une
aération (Appendice B), de la tourbe (Appendice C), des cendres de bois. Finalement, seuls les BPSR
et les cendres ont ¢été retenus pour étre utilisés dans un traitement en plusieurs étapes d’un DMA
fortement chargé en fer.
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Table 5.2 Composition of cach column (composition given in dry mass %)

Mixture SRPB1 Woodash filter SRPRB 2
Celullosic wastes

Maple chips 5 10
Sawdust 10 20
Organic wastes

Chicken manure 5 10
Compost. 10 20

ITnocuium

Sediment 8 15

Inert structural agent

Sand 10 20

Nutriment (Nitrogen) Urea 2 3

Neutralizing agent

Calcium carbonate 2
Calcite fine 50

Wood ashes 100

5.2.2.1 Column test operating conditions

After materials placement, the SRPB columns were saturated with Postgate B nutrient
medium (Postgate, 1984). The Postgate B medium was prepared in distilled water and had
the following composition; 3.5 g/L sodium lactate; 2.0 g/l MgSO,,7TH;O; 1.0 g/LL NH,CI;
1.27 g/LL CaS0,,2H,0; 1.0 g/L yeast extract; 0.5 g/l KH,PO,; 0.5 g/L FeS0,,7TH,O; 0.1 g/L
thioglycolic acid, and 0.1 g/L. ascorbic acid. After addition of the Postgate B medium, the
columns were incubated at room temperature (approximately 22°C on average) for four
weeks before starting their operation (acclimation period). The AMD treatment began when
the Eh decreased below -150mV (Neculita and al., 2008b). Columns were fed from the
bottom with AMD (see Figure 5.1) to allow constant anoxic conditions. A perforated plastic
plate covered with a geotextile was placed at the bottom to uniformly feed the column. The
flow was controlled by a peristaltic pump (0.6 mL/min). Considering an e¢stimated porosity of
0.41, 0.60, and 0.45 for SRPB 1, wood ash filter, and SRPB 2, respectively, the estimated
hydraulic retention times (HRT) were respectively 5.1 days, 8.9 days, and 5.6 days in the
three columns. Reactors were covered with cardboard to simulate field conditions and to

prevent the growth of phototrophic bacteria.
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Columns were not duplicated since a recent study showed that if columns were set-up and
operated with a similar protocol as in this study, the test is repeatable (Genty et al., 2011e).
Measurements of pH, Eh, sulphate, acidity, alkalinity, metals concentrations and saturated
hydraulic conductivity were performed during the experiment. Sulphate reducing bacteria
(SRB) enumeration was made regularly on the liquid at the exit of the columns using the
Most Probable Number technique (ASTM, 1990, Beaulieu, 2001) to evaluate treatment
performance (Neculita et al., 2008a). Saturated hydraulic conductivity (ks was evaluated
monthly on the two biofilter columns during the operation using the falling head method

(adapted from ASTM, 1995).

70cm ‘_______39?_” ______ >
1 1
L3
! Wood ash filter
]
kv E Flow
: RETCH ] Treated
AMD 0
| effluent
200L |L/o e I e | L g - H
A A =P A
Peristaltic pump Peristaltic pump

Figure 5.1 Multi-step column test configuration (not to scale)
5.2.3 Medium size test experiment description
5.2.3.1 Medium size test description

AMD multi-step treatment performance was also evaluated in a 2640 L reactor (2.46 m
length and 1.6 m width) with a trapezoidal section (0.5 m at the bottom and 1 m height)
covered by a lid with the same dimensions. A schematic representation of the reactor is given
in Figure 5.2 (see Potvin, 2009 for more details on the reactor design). The reactor was

divided into five sections (with perforated plates). The first one, with a capacity of 368 L (35
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em length), receives the AMD to treat and acts as a settling pond to remove precipitated
particles. The second section is 60 cm in length (660 L) and was filled with 440 kg of SRPB
mixture #1. The role of this section is to neutralize acidity and to remove metal and part of
the sulphates. The next portion of the reactor is 60 cm in length (660 L), contained 360 kg of
wood ashes and acts as an iron filter (iron retention by sorption and precipitation). Finally,
the last treating section (814 L and 74 cm length) was filled with 380 kg of SRPB mixture #2,
and acts as a polishing treatment to remove the remaining metals and sulphates. After this

sccond SRPB, the water flows through an empty 154 L section (14 cm length) used to ensure

that the exit of the model does not clogged.

.....

Piezometer D-._

Figure 5.2 Medium size multi-step treatment set-up

5.2.3.2 Medium size test operating conditions

The reactor was fed by a peristaltic pump at 50 mL/min. The reactor was incubated before
starting the AMD treatment with Postgate B medium (same manner as the one described in
section 2.2.) to provide reducing conditions. The Postgate B volume used to saturate the

model was also used to calculate the porosity of the three treatment sections, and the porosity
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was estimated to be 0.41 on average for the three treatment sections. Considering this
porosity value, the flow and the volume of cach section, HR'T can be estimated for cach
section. The HRT was 19 days in the reactor, which corresponds to an operational HRT in the
three treatment sections of 12 days (which is high but still in agreement with typical values
for passive systems, Neculita et al., 2008a). Considering the section volume, the flow rate and
the porosity of 0.41, HRTs of cach section were 5.1, 3.7, 3.7, 4.6, and 2.1 days respectively
for the first section containing AMD, the first SRPB with SRPB mixture #1, the wood ash
filter, the SRPB with SRPB mixture #2, and the last section at the exit.

As mentioned earlier, two AMD were used to take into account the variability of in situ AMD
quality. AMD was treated during the first 150 days (see Table 5.1), and AMD light for the

rest of the experiment.

The system was instrumented to evaluate the treatment performance. First, an
clectromagnetic Promag 33A flow meter (from Endress & Hauser) was used to control the
flow. The system was equipped with four piczometers allowing water sampling for chemical
analysis. Piezometer A was installed 15 cm from the input of the reactor and its samples were
representative of the initial AMD quality. The second piczometer B was placed 45 cm from
the beginning of the treatment section and allowed analysing water at the end of the first
SRPB treatment. The third piezometer C (105 cm from the beginning of the treatment
section) allowed analysing pore water quality after the wood ash treatment. Finally,
piezometer D, located 165 cm from the beginning of the treatment section, allowed sampling
and analysing pore water at the end of the SRPB treatment (with SRPB mixture #2). Each
piezometer was equipped with a pH sensor (GLI PCI1R1A with temperature compensation,
precision of +/-0.1) and a redox potential sensor (GLIRC1R3N, precision of +/-20 mV) to
measure these parameters online. Water sampling was performed in the initial AMD and at
the exit of the reactor every week, and in the four piczometers every two weeks.
Measurements of pH, redox potential (Eh), acidity, alkalinity, metal concentrations, and
sulphates were performed on these samples. Sulphate reducing bacteria were measured every
two months and dissolved organic carbon was measured every five weeks. The ratio

DOC/S0, was also determined to help to understand SRPB treatment performance. Analyses
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were performed immediately after sampling to prevent change of pH-redox parameters,

because sampling was carried out in an aerobic environment.
5.2.3.3 Medium size test hydraulic investigation

To evaluate the hydraulic properties of the reactor, saturated hydraulic conductivity was

determined using Darcy’s law as presented in equation [5-1].

o
[5-1] k., =
2.4
dl.

where K. is the saturated hydraulic conductivity (m/s), Q is the flow rate (m’/s), A is the
. 2 dH . . .
cross section of the reactor (m”), and Em the hydraulic gradient (measured between the

first and the fourth piczometer, in m/m).

A tracer test was also carried out to evaluate flow properties in the reactor (at 200 days of
operation). The test was performed with NaCl and by measuring chloride concentration.
Other sodium halide (NaBr for exemple) had been already used for tracer tests in passive

system (c.g. Kruse et al., 2009).

Chloride concentration was determined by a Metrohm 881 compact IC pro ions
chromatograph (with chemical and CQ, suppressor, column Metrosep A supp 5-150/4.0,
elluent: 3.2 mmol Na,CO; and 1 mmol NaHCO,, flow rate: 0.7 mL/min, 25°C). The test was
a step injection, and consisted in increasing and maintaining the chloride concentration in
AMD near 0.6 g/I. during the tested period (3 weeks). Then, the results were analysed using
the theory of residence time distribution (e.g. Genty et al., 2011c¢).

5.2.4 Chemical and biological method for water quality evaluation

The pH of sampled solutions was determined with an Orion Triode sensor coupled with a
Benchtop pH/ISE Meter Orion model 920 (relative precision +/- 0.01 pH), and the Eh (redox

potential, values were corrected relative to the standard hydrogen electrode) was measured by
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a Pt/Ag/AgCl sensor link to a Benchtop pH/ISE Meter Orion 920 (relative precision +/- 0.1
mV). The alkalinity was obtained by titration on non-filtered aliquot with sulphuric acid
0.02N (relative precision of 1 mg CaCOs/L) and the acidity by titration on non-filtered
aliquot with sodium hydroxide 0.1N (precision of 1 mg CaCO4/L) (APHA, 1995). Filtered
aliquots (with a 0.45 pum filter) used to quantify metal content were acidified with 2% volume
of nitric acid (70%) before analysis. The technique used to evaluate metal concentration was
the Inductively Coupled Plasma-Atomic Emission Spectrometry (ICP-AES) using a Perkin
Elmer OPTIMA 3100 RL (relative precision of 5%). Sulphate concentration was evaluated
on filtered aliquot using a nephelometric method based on the precipitation of barium
sulphate (AFNOR, 1986). The absorbance of the solution was measured at 650 nm with an
Ultraspec 2100 pro spectrometer. Dissolved organic carbon in liquid effluent was determined
using a Hach reagent set with method 10173 and a Hach DR 890 colorimeter. Finally,
sulphate reducing bacteria enumerations were performed using the Most Probable Number

according to ASTM (1990) and Beaulicu (2001).
5.2.5 Columns and medium size test initial and post-testing characterization
5.2.5.1 Initial material characterization

Each material and mixtures used in this study were initially characterized for their main
chemical, physical, and microbiological properties. The main results are summarized in Table
5.3. Materials and mixtures were characterized for their pH, specific surface arca (Ss), their
total organic carbon (TOC) content, total carbon (TC) content, total Kjeldahl nitrogen (TKN)
content, dissolved organic carbon (DOC) in water extract (1:10), and SRB count. More
details on characterization and methods used can be found clsewhere (see Genty et al., 2011a,
Genty et al., 2011b and Genty et al., 2011¢). The pH of materials used in SRPB mixtures was
close to neutrality. However, wood ash pH was clearly alkaline (pH of 12.2). Moreover,
wood ash specific surface area and carbon content were relatively high (46.03 m*/g and 36%,
respectively). These two properties gave wood ashes a good sorption potential. TOC/TKN
ratio for SRPB 2 mixture was close to an optimal value of 10 (13); providing sufficient

nutriments for good SRB growth (Neculita and Zagury, 2008). Enumeration of SRB in



131

mixture 1 and 2 was carried out for chicken manure (450 SRB cell/100mL), compost (780
SRB cell/100mL) and sediments (1300 SRB cell/ 100mL).

Table 5.3 Initial materials and mixtures characterization

Material o= 2 g g 8 g v 2] v 2—: =
£€ 28 BE 58 &7 & & Zg
@ g = E op-?—' "8 = jwe] we] w AL
s @ = 7] 2] Ju— 2
= =
=
pH 6.2 56 6.0 6.7 71 12.2
Ss (mzfg) 0.58 0.86 1.15 1.67 13.02 46.03
TOC (Yow/w dry weight) 51 49 26 24 1.5 11 13 19
TC (%w/w dry weight) 36
TEN (%w/w dry Weight) 0.1 0.2 26 1.3 0.04 04 1
DOC (mg/L) 280 450 57 48 6.4 140 110
TOC/TKN 28 13
SRB (cells/100 mL.) <2 <2 450 780 1300

5.2.5.2 Column post-testing characterization

Material samples were taken in the middle height (35 cm) of each column during dismantling
to characterize metal retention phenomena that occurred in the multi-step column test system.
Elemental abundance in solids was estimated by digestion in HNO;, Br,, HCI and HF (Potts,
1987) followed by metal analyses by Inductively Coupled Plasma-Atomic Emission
Spectrometry (relative precision of 5%). Stability of metal retention in the five tested
mixtures was cstimated with a semi-quantitative sequential extraction procedure (SEP)
according to Zagury et al. (1997). Five fractions were extracted from 1 g of wet solid sample
using different reagents, and metal species are divided into: 1) fraction 1: soluble and
exchangeable metals, ii) fraction 2: carbonate bound, iii) fraction 3: reducible or bound to
Fe-Mn oxides, iv) fraction 4: oxidisable or bound to organic matter, and v) fraction 5: the
residual metal fraction. SRB count was also performed with the Most Probable Number
technique according to ASTM (1990) and Beaulicu (2001). More information about post
testing characterization of SRPBs and wood ash filters can be found in Genty et al., 2011c

and Genty et al., 2011d.
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5.2.5.3 Medium size test post-testing characterization

Samples at a depth of 50 cm on the center line of the reactor were taken. Results for six
samples are presented: two in the first BPSR section at 50 and 100 cm from the AMD input,
two in the first wood ash section at 115 and 150 cm from the AMD input, and two in the
sccond SRPB section at 180 and 220 cm from the AMD input. These six samples were
characterized for metal content by digestion, total organic carbon TOC (measured by adding
potassium dichromate and sulphuric acid and measurement of excess of potassium
dichromate), total Kjeldahl nitrogen TKN (by mineralization with sulphuric of organic matter
acid into ammonium, carbon dioxide and water, and measurement of the ammonium formed),
and dissolved organic carbon DOC (water extracts at 1:10 solid-liquid ratio, digestion and
infra-red detection of carbon dioxide emitted). Samples at 100, 115, and 220 cm from AMD
input were also analysed for metal stability by sequential extraction procedure according to
Zagury et al. (1997), for SRB count using the Most probable number technique, and for their
mineralogy using a Hitachi 3500-N scanning electron microscope (SEM) coupled with an
energy dispersive spectrometry (EDDS) with an X-ray probe (conditions: voltage of 20 keV,
amperage of 140 A, pressure around 25 kPa and work distance of 15 mm). Finally, saturation
indices of minerals which could be potentially present, were estimated by Vminteq v 2.53
(KTH, 2010) using the water quality at the 104™ and 300" days. These two dates represent a
steady state for the treatment of AMD and AMD light.

5.3 Results and interpretation
5.3.1 Columns treatment results

Figure 5.3 presents the pH, Eh, acidity, alkalinity, iron and sulphates evolution of the pore
water for the three parts of the multi-step column system. pH (Figure 5.3a) increased from an
average of 2.9 in initial AMD to 6.1 in the first SRPB. pH was relatively stable in the wood
ash filter (6.2 on average) and in the last SRPB (6.6 on average). Eh (Figure 5.3b) decreased
from an average 566 mV in AMD to approximately 76 mV in the first SRPB, and to 77 mV
in the wood ash filter. However, Eh was negative (-65 mV on average) in the first 224 days
of the second SRPB operation life. These low values provided favourable reducing conditions

for sulphate reducing bacteria (SRB). Indeed, SRB count performed on the last SRPB column
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Figure 5.3 Evolution of geochemical parameters: a) pH, b) Eh (mV), ¢) alkalinity (mg/I.
CaC03), d) acidity (mg/L. CaCQ3), ¢) iron concentration (mg/L.) and f) sulphate

concentration (mg/L), for the column test.
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cffluent at 74 days showed a value of approximately 35 000 SRB cell/100mL. For the first
SRPB, the value never exceeded 200 SRB cell/100 ml. After 224 days, Eh value of the
second SRPB reached around 104 mV and the reducing conditions for SRB were less
favourable. In fact, SRB count performed on the last SRPB columns effluent at 253 days
showed a decreased of SRB cells from 35 000 to 2400 SRB cell /100 mL. Morcover, SRB
count performed on solid mixture after dismantling also confirmed a greater number of SRB
in the second SRPB (204 ccll/g for SRPB #1 mixture and 1253 cell/g for SRPB #2 mixture).
This observation confirmed the highest sulphate reduction efficiency of the second SRPB.

Figure 5.3¢ showed that the first SRPB produced about 214 mg/L. of CaCQ; of alkalinity.
Alkalinity was on average 141 mg/IL of CaCOj; in the wood ash filter, but the global tendency
was a decrease with time. In the last SRPB, alkalinity was relatively high at the beginning of
experiment (maximum of 2150 mg/1. of CaCQO;) due to favourable condition during the first
81 operating days. Then, alkalinity values decreased with time until they reached around 200
mg/L of CaCQ; at the end of the experiment.

Acidity (see Figure 5.3d) was mainly linked with pH and iron concentration (as also observed
by Kirby and Cravotta, 2005). AMD acidity rose up to an average of 5625 mg/L of CaCO,
while its iron concentration stayed around 3730 mg/L (see Figure 5.3¢). At the exit of the
first SRPB, acidity decreased to approximately 4252 mg/1. of CaCO; and iron concentration
to an average of 3256 mg/l.. This decrease corresponds to an iron removal percentage of
approximately 13% in the first SRPB. Acidity continued to decrease between 0 and 750 mg/L
of CaCO; in the wood ash filter during the first 84 davs. Acidity increased continually to
4500 mg/1. of CaCO; on average. This increase of acidity was linked to the increase in iron
concentration. Iron concentration at the exit of the wood ash column was on average 31 mg/LL
before 84 days (approximately 99% of iron retention). Day 84 corresponds to a first
breakthrough time for iron retention in the wood ash filter. Iron concentration stayed at 2158
mg/L. on average between 84 and 238 days (which corresponds to an iron removal percentage
of approximately 33%). Then, iron increased on average up to 2926 mg/l, which is very
close to iron concentration in the first SRPB (approximately 10% of iron retention). Day 238
seemed to be the second breakthrough time when wood ashes were totally saturated with

iron. For the second SRPB, acidity and iron concentration at the exit were low during the first
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224 days (respectively 250 mg/l. of CaCO; and 38 mg/L. on average). This period of
efficiency correspond to the period before the total saturation of wood ashes. After wood ash
saturation (224 to 238 days), iron concentration in the second SRPB increased gradually to
stabilize after three weeks to 2156 mg/I. on average (approximately 26% of iron retention).
Acidity increased at the same time to stabilize near 4200 mg/L of CaCO, on average. The
effective period during which the treatment was cfficient was 238 days. In the tested
columns, the wood ash filter is an essential step to remove iron because SRPBg were not able

to treat efficiently an AMD with this level of iron concentration.

Sulphate removal was more efficient in the second SRPB (see Figure 5.3f). Indeed, sulphate
concentration decreased from an average of 10116 mg/T. in AMD to 9495 mg/L in the first
SRPB. Then, sulphates concentration continued to decrease to approximately 9088 mg/I. in
the wood ash filter. In the second SRPB, sulphate concentration at the exit of the column was
around 5107 mg/L. (50% of sulphates were removed). However, the sulphate concentration
increased to an average of 7050 mg/L in the second SRPB after 224 days, which correspond

to the iron saturation of wood ash filter.

Although iron removal was the main purpose of the multi-step column system, other metals
were removed. Al, Cd, Cr were removed by up to 99% in the first SRPB step, and had a
concentration at the exit of the multi-step system of 0.04 mg/I. Al, 0.01 mg/I. Cd, and 0.006
mg/L. Cr. The removal of Ni and Zn increased from 95% in the first SRPB to 98% in the last
SRPB and remained at a constant residual concentration of approximately (.06 mg/L. Ni and
0.56 mg/L Zn at the system exit. A increase in removal percentage was observed for Pb (59%
in the first SRPB, 82% in the wood ash filter and 95% in the second SRPB) and its residual
concentration was stable at approximately 0.03 mg/l.. However, Mn removal was less
effective with a removal percentage of 16% at the exit of the system. Non efficient Mn
removal was mainly due to the high iron concentration in effluent. Indeed, a high Fe/Mn ratio
and the thermodynamic advantage for Fe precipitate formation could partially explain this

low Mn retention (Edwards et al., 2009).

Saturated hydraulic conductivity (k) stayed relatively stable for each SRPB column, with
values between 3.6x10™ and 1.7x10° cm/s for the first SRPB and between 7.1x10™ and
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2.9x10™ cm/s for the second SRPB. These values indicated that clogging phenomena did not

affcct the two columns.

In summary, column tests gave promising results. However, they did not provide real flow
conditions. Therefore, the multi-step treatment was tested in a medium size test with

horizontal flow conditions.
5.3.2 Medium size treatment test results

Performances of each treatment section are described using the water quality in each
piezometer. pH of AMD (in piezometer A) was stable at a value of 2.8 on average (Figure
5.4a and Table 5.4). pH increased up to 5.6 in the first SRPB (piezometer B), was relatively
stable in wood ash filter (piezometer C), and was at 6.1 on average in the last SRPB
(piezometer D). Eh values were on average at 443 mV in AMD (Figure 5.4b). However, an
increased in Eh was observed during the first two months due mainly to the Postgate B
dilution and back mixing. After this transient period, water in the piezometer was
representative of AMD. Eh decreased to 55 mV on average in the first SRPB and to -16 mV
in the wood ash filter. In the second SRPB, Eh decreased to values of approximately -115
mV. Some Eh peaks are present in Figures 5.4a and 5.4b; they are mainly due to the
calibration procedure. Morcover, pH and Eh values between 34 and 100 days in piczometer B
were removed due to monitoring problems. A by-passing zone was observed between the
first AMD compartment and piezometer B resulting from a restriction at the system exit pipe
which imposed an increased of water level in the reactor. The problem was solved by

pumping water from the exit at the same flow rate as in the system input.
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Table 5.4 Average parameters for piezometers A, B, C and D of the medium size test reactor.
Units are mV for Eh, mg/L for iron and sulphate concentration, mg/L eq. CaCO3 for

alkalinity and acidity. Iron and sulphate removal are expressed using the average (av) %.

Piezometer A B C D
Material AMD SRPB #1 ‘Wood ashes SRPB #2
pH 2.8 30 6.1 6.1
Eh 443 55 -16 -115
Iron

Before 150 days 4111 3804 1021 152

After 150 days 1839 1390 1022 38
Iron removal

Before 150 days - 21 73 96

After 150 days - 24 45 98
Sulphates

Before 150 days 9652 9227 6411 4084

After 150 days 4883 3892 3600 1093
Sulphates removal

Before 150 days - 5 34 58

After 150 days - 20 26 78
Acidity

Before 150 days 8628 3217 1404 651

After 150 days 4901 2053 1400 381
Alkalinity

Before 150 days 0 296 780 1120

After 150 days 0 173 284 1513

Alkalinity was relatively stable in each compartment (Figure 5.4¢) after the first two months.
The first two months correspond to the dilution of Postage B solution, to the lixiviation of a
large quantity of dissolved organic carbon, and the establishment of permanent
hydrogeochemical conditions. Before 150 days (system fed with an AMD of 4000 mg/1. of
iron), alkalinity (Table 5.4) increased on average from 0 mg/L of CaCO; in AMD to 296
mg/L of CaCQs in the first SRPB, 780 mg/L of CaCOs in wood ash filter and 1120 mg/L of
CaCO; in the second SRPB (the first four alkalinity values were removed from the
calculation of average alkalinity because they were not representative of the treatment). After
a 150-day period (treatment of AMD with 2000 mg/L. of iron), alkalinity of water samples
was 173 mg/L of CaCOs; for the first SRPB, 284 mg/L of CaCQ, for the wood ash filter, and
1515 mg/1. of CaCO; for the second SRPB respectively.

Acidity (Figure 5.4d) was mainly linked to the iron content (Kirby and Cravotta, 2005).
Indeed, acidity of AMD decreased from 8628 mg/LL of CaC(O; in AMD with 4000 mg/L of
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iron to 4901 mg/L of CaCO; when iron concentration was 2000 mg/L (Table 5.4). Acidity
was mainly metallic in the treatment piczometer since pH was close to neutrality. For both
AMD with 4000 mg/L and with 2000 mg/L. of iron, the system decreased acidity
concentration (651 mg/L. of CaCO; before 150 days and 381 mg/I. of CaCO; after 150 days

in piezometer D).

AMD iron concentration during the first 150 days was on average 4111 mg/1. (Table 5.4).
Iron decreased in the first SRPB to 3804 mg/L. after approximately 3 weeks of variation (see
Figure 5.4¢) due to the dilution of Postgate B solution. The average iron retention in the first
treatment step was approximately 21%. In the wood ash filter, iron concentration was 1021
mg/L, on average, which corresponds to 73% of iron retention. In the last stage of SRPB
treatment (piezometer D), iron retention reached 96% (152 mg/l. on average). During the
next 214 days, AMD iron concentration was set to 1839 mg/I. on average. Iron retention in
the first SRPB stayed similar to the first period (24%), but decreased in the wood ash filter
treatment step to 45% (1022 mg/L of iron in piezomenter C). Iron concentration decreased on

average to 38 mg/L in the second SRPB (98% of removal).

Sulphate concentration (Figure 5.4f) was relatively variable during the first two months due
to Postgate dilution. Sulphate concentrations were relatively stable at the end of the first and
the second period of the treatment. Sulphate concentration in AMID was maintained at an
average of 9652 mg/L. before 150 days (see Table 5.4). Sulphate concentration was removed
after treatment on the first SRPB at an average of 5% (corresponding to a concentration of
9227 mg/L in the piezometer A). The percentage of removal rose up to 34% in wood ash
filter and 58% in the second SRPB. Sulphate concentration in AMD was set at approximately
4885 mg/l. on average after 150 days. The removal percentage increased up to 20% in the
first SRPB, 78% in the second SRPB, and decreased at 26% in the wood ash filter. In
piezometer D, sulphate concentrations decreased to 4084 mg/L before 150 days and to 1093
mg/L in piezometer D after 150 days.
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Figure 5.4 Evolution of parameters: a) pH, b) Eh (mV), ¢) alkalinity (mg/I. CaCQ3),
d) acidity (mg/L. CaCQ?3), ¢) iron concentration (mg/L) and f) sulphates concentration

(mg/L), for the medium size test.

The removal percentage of other metallic contaminants was relatively high in the multi-step

system. Indeed, Al removal increased from 72% in the first SRPB to 99% in wood ash filter.
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Cd, Cr, Ni and Zn removal percentages were respectively 58%, 77%, 37% and 57% in the
first SRPB, and rose up to 99% in wood ash filter. Lead removal increased continuously
through the different compartment (49% in the first SRPB, 82% in the wood ash filter, and
99% in the second SRPB). All metals in the second SRPB had average concentrations below
0.01 mg/L. Mn removal varied on average from 14% in the first SRPB, 27% in the wood ash
filter, and 71% in the sccond SRPB compartment. A significant competition occurred in
SRPB between Fe and Mn (Edwards et al., 2009, Karathanasis et al., 2010). The increased of
Mn removal (compared to the column tests) was mainly due to the decrease of the Fe/Mn
ratio in the three parts of the treatment. Indeed, a high Fe/Mn ratio induces a serious Mn
treatment inhibition (Edwards et al., 2009). The ratio Fe/Mn decreased on average from 90 in
the first SRPB to 56 in the wood ash filter and to 10 in the second SRPB. Therefore,
competition between Fe and Mn was less important in the second SRPB, and the Mn removal

was higher.

SRB count in the water samples was performed to evaluate sulphate-reducing performance.
The SRB number (Figure 5.5) decreased during the first 150 days (which correspond to the
treatment of AMD with 4000 mg/L of iron and 9000 mg/L of sulphates) for the first SRPB
and wood ash filter. Values decreased to approximately 0 SRB cell/100mL. However, the
SRB cell number stayed stable at 2400 cells/100 mL for the second SRPB. DOC
concentration and the ratio DOC/SO, were determined in parallel to the SRB count (Figure
5.3). The ratio decreased in cach part of the system during the first 150 days. Nevertheless,
the ratio in piczometer D was significantly higher (0.4 on average for the 150 first days),
which maintained the SRB cell number observed; this ratio value is close the optimum ratio
of approximately 0.4 proposed in the literature for sulphate-reduction (Neculita and Zagury,
2008). After the first 150 days (which correspond to the beginning of the treatment period of
AMD with 2000 mg/L of iron and 5000 mg/L of sulphates), the number of SRB cells in the
first SRPB and the wood ash filter stayed at 0 SRB cell/100ml. and at 2400 cells/100 ml. for
the second SRPB. The ratio DOC/SO, increased mainly because of the decrease in sulphate
concentration in AMD. The ratio (0.69 on average) stayed close to the optimum value in the

second SRPB.
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To summarize, the change of AMD iron and sulphate concentration did not affect the
performance of the system since metal removal, and particularly iron, stayed high (more than

99%).

—a—SRPB1 —&—Wbod ash filter
10000 + —a—SRPB2 AM D iron concentration T 1,0E+01
o000 | - --@- - - DOG/SO4 SRPB 1 - -A- - - DOG/S04 Wood ash fiiter
- --@- - - DOC/SO4 SRPB 2 o I
8000 + @& 1 1,0E+00
53 7000 R o
ED LN, * [ 0
SE soo0l® & o L10E01 B
; g PR . K L -t
=5 N . - i Q
;’:E 5000 f % % N -t [ e
E5 N P L 7
§ 8 4000 . <A L10E02 8
Q . - n
a
& ¢ 3000 | o g
- " ® o i
2000 1 M ——eo— L 10ED3
1000 - ! [
04 . . - . — 10E04
0 50 100 150 200 250 300 350 400
Time (days)

Figure 5.5 Evolution of SRB count and DOC/SO4 ratio in medium size test reactor (in the

first SRPB, wood ash filter, second SRPB, and at the ¢xit of the reactor).
5.3.3 Hydraulic investigation of medium size test reactor

Clogging phenomena can seriously decrease the life time of a passive treatment system. A
decrease of saturated hydraulic conductivity (ky,) value is a good indicator of clogging (c.g.
Neculita et al., 2008a, Genty et al., 2011c, Genty et al., 2011d). During the medium size
reactor test, ki was measured using the Darcy law as presented in equation [5-1]. Values did
not vary during the test (1.8x10” cm/s at 100 days, 1.5x10° cm/s at 286 days, 1.4x10° cm/s
at 363 days). These values are close to those found by Genty et al. (2011c¢) for similar SRPB
mixtures (between 2.1x10° and 9.98x10° cm/s). These results confirmed that the
composition of the SRPB mixture and wood ashes prevented the system from clogging since

k., values stayed almost stable during the test.
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Iron concentration at the exit of the system (1072 mg/L. on average; not shown in Figure 5.4)
was higher than in the previous treating compartment (piczometer D). Similar observation
could be made mainly for acidity and sulphate concentration. This observation could result
from by-passing phenomenon (or preferential flow). Hence, the exit water quality resulted

from a mix of the second SRPB effluent and water with incomplete treatment.

One of the main usefulness of a tracer test is to diagnose flow problems in reactors operation
{Fogler, 2006). A tracer test with NaCl was performed to evaluate the real retention time of
the system and to validate the hypothesis that there is some preferential flow that affects the
water quality at the exit of the model. Figure 5.6 shows the evolution of chloride
concentration at the exit of the system. During the four first days, chloride concentration
staved relatively sable at 6 mg/l. (which corresponds to the background chloride
concentration). After 4 days, a slight increase was observed but the major increase started
after § days to stabilize after 20 days at 160 mg/L. The initial chloride concentration of 0.6
g/L was not recovered at the end of the test due to retention in the medium size reactor. NaCl

was not a conservative tracer (only approximatelly 20% of CI” was recovered).

1000

130

A,f; Experime;ﬂal [CH]
---¥--- Calculated [Cl-]

— — — Estimatzd HRT

— - — Tracer test HRT
amcoes Tracer concentration
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Figure 5.6 Evolution of chloride concentration (mg/1.) during the tracer test at the exit of the

medium size reactor.
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The residence time distribution theory was used to analyse the tracer test results (e.g. Roche
¢t al., 1994, Faure et al., 2008, Genty ct al., 2011c). According to the chloride concentration,
the system could be modeled as a succession of a plug flow reactor with a hydraulic retention
time of 8 days (corresponding to the latency period) and a continuous stirred reactor
(corresponding to the increase of chloride concentration) with a hydraulic retention time of
6.6 days. The total hydraulic residence time of the system (sum of the plug flow reactor HRT
and the continuous stirred reactor HRT) is estimated at 14.6 days. A difference exists
between the HR'T estimated with the tracer test and the estimated HRT of 19 days calculated
with the porosity and the flow rate. This difference could be explained (at lcast in part) by the
presence of preferential flow zones in the reactor and thus potentially explain the higher

metal concentration at the exit of the system (see Genty, 2011, for details).

5.3.4 Column and medium size test post-testing characterization

5.3.4.1 Medium size test analysis

Analysis of TOC and TKN showed that the ratio (TOC/TKN) increased from 18 initially to
28 after dismantling in the first SRPB, and thus suggests a decrease of available nitrogen
compared to TOC. However, this ratio decreased from 16 to 13 in the second SRPB (a ratio
close to 10 is known as a favourable ratio for SRB; Neculita and Zagury, 2008). SRB
enumeration on post-testing materials also showed the presence 1054 cells/g and 966 cells/g
in the first and second SRPB respectively. SRB count was estimated at only 386 cells/g in
wood ash filter. Indeed, the DOC value was low in the wood ash filter (2.6 mg/L on average)
compared with the ones in the first and second SRPB (10.5 and 12 mg/L on average), both

providing better nutriments availability conditions for SRBs.

Metal content was evaluated on samples collected 50 cm deep in each of three parts of the
system. The main observation was that the iron content increase was approximately 1.3% in
the first SRPB, 7.8% in wood ash filter, and 4.3% in the second SRPB. These results
underlined the role played by the wood ash filter to remove iron from AMD. Moreover, the
sulphur content increased to 1.8% on average in the second SRPB (compared to 0.7% in the
first SRPB and 1.4% in the wood ash filter). Indeed, sulphate reduction was higher in the

second SRPB because sulphate reducing conditions (negative Eh values) were reached in this
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compartment. To better understand the metal retention mechanisms, Vminteq modelling, SEP

and SEM-EDS analyses were performed.

Thermodynamical modelling with Vminteq allowed determining that different metal
retention mechanisms could occur in the three different treatment compartments. Al was
probably removed in the first SRPB by the formation of hydroxides or oxihydroxides such as
boehmite, diaspore and gibbsite. Iron would be retained under oxihydroxide (goethite,
lepidocrocite) and carbonate forms (siderite). The formation of rhodochrosite for Mn
retention 18 plausible. In the wood ash filter, iron would be removed by oxihydroxide
{goethite, ferrihydrite, lepidocrocite), carbonate (siderite), and sulphide (pyrite) precipitation.
Nickel sulphur precipitation is a possible mechanism for Ni removal. Sulphate could also be
removed by gypsum formation. In the second SRPB, sulphate reduction conditions were
more favourable for the formation of metal sulphides such as greigite, mackinawite, pyrite,
and millerite. Carbonates (siderite and rhodochrocite) and sulphates (gypsum) could also be

formed in this component of the treatment.

Figures 5.7a to 5.7d show X-mapping of the main chemical elements observed on wood ash
filter (Figure 5.7a) and on reactive mixture of SRPB 2 (Figure 5.7b to 5.7d) using the EDS
technique. Iron was found at the surface of the wood ash sample and associated with oxygen
probably under the hydroxide form (see Genty et al., 2011d). Gypsum crystals were also
observed. The X-mapping of SRPB 2 mixture showed a superposition of calcium, oxygen
and sulphur, which may correspond to the precipitation of gypsum crystals (mainly in Figure
5.7¢). Moreover, iron was distributed relatively homogenously at the surface of the material.
However, it was not easy to assess under which form iron was retained; iron could be
associated with oxygen or sulphur and thus retained under hydroxide or sulphide forms.
Similar observations can also be made with the SRPB 1 mixture (not presented on Figure
5.7). However, elemental sulphur grains can be seen in Figure 5.7b. EDX microanalysis
allowed determining that elemental sulphur was formed in SRPB 2 mixture. Indeed,
elemental sulphur could be formed through the oxidation of hydrogen sulphide (Beaulieu,
2001) by different types of bacteria.
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a) Wood ashes
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Figure 5.7 SEM images and e¢lemental maps (voltage of 20 keV, amperage of 140 A, pressure
around 25 kPa, and working distance of 15 mm): a) wood ash filter, b) ¢) and d) SRPB2.



146

Fe Kal 5 Kat CaKa1
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Figure 5.7 (suite) SEM images and elemental maps (voltage of 20 keV, amperage of 140 A,
pressure around 25 kPa, and working distance of 15 mm): a) wood ash filter, b) ¢) and d)

SRPB2.
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5.3.4.2 Column and medium size reactor metal fractionation

Figure 5.8 presents the metal fractionation on samples from the three sections of the medium

size and column experiment.

Metal distribution in the two medium size reactor SRPB sections was relatively similar.
Indeed, Al, Cr and Pb were mainly retained in the residual fraction 5, Cd in fractions 2 and 3.
Ni and Zn had also similar metal retention mechanisms since they were mainly contained in
fraction 3, and occurred in fractions 2 and 4 in similar proportion. However, a non negligible
part of Ni was soluble and exchangeable (21% and 27%). Fe and Mn fractionation was not
similar in the two SRPB. Fe was found in relatively similar proportion in fraction 3, 4 and 5
in SRPB 1. In SRPB 2, Fe was mainly contained in fraction 3 (64%). Mn proportions in
fraction 1 and 2 of SRPB 2 were higher in comparison with SRPB 1 (respectively from 16 to
28% and 12 to 20%) and fraction 5 had lower Mn contents (from 36 to 7%). Differences in
metal retention mechanisms can be observed in the wood ash section of the medium size
reactor, mainly for Cr, Fe, Ni, Pb and Zn. The distribution of Al, Cd, and Mn was similar in
the two SRPBs. Although fraction 5 contained 46% of Cr, this element was present in non
negligible proportions in fraction 3 and 4 (respectively 23 and 26%). Fe was mainly retained
in fraction 3. Pb was separated relatively equally between fractions 3, 4 and 5 (respectively
40, 35 and 25%). Ni and Zn contents increased up to 21% and 12% in fraction 5,
respectively. Ni was present in similar proportions in fractions 2, 3 and 4, and a non
negligible part was soluble and exchangeable (29%). Finally, Zn was mainly contained in

fractions 2 and 3.

Results of metal fractionation with samples taken in the medium size reactor were similar to
the metal fractionation of samples provided by column tests for Al, Cr, Fe, Mn, Ni, Zn, Pb
(except in the second SRPB). However, major difference could be observed for Cd between
columns and medium size reactor. Indeed, Cd in the three treating section of the medium size
reactor was mainly contained in fraction 2 while Cd was mainly in fraction 3 in column
sample. Moreover, Pb in the second SRPB was mainly in the residual fraction in the medium

size test while it was in fraction 3 and 4 in column test.



SRPB1 148

OFraction 1 QOFraction 2 @O Fraction3 @ Fraction4 © Fraction 5
100

80 A I _ i | L I I O O ) LA
70 -4 - -E-E - - -1 - - -
60 N N I = T+l FL-d -4 [-F - = -1 L4 |-
® 50 BEC ER P T T A R HElE N EEENE
40 44 - R R -
30 11| L4 -4 -1 - - - F -
20 -1 - -] A ”_ﬂ—f_f -1
10 B I OO O s O O OO O
] . ._‘ ; ‘ ; o ; ; ; ; ; S o N =

a A A Cd Cd Cr Cr Fe Fe Mn Mn Ni Ni Pb Pb Zn Zn

Wood ash filter
OFraction 1 @ Fraction2 QFraction 3 @Fraction4 w®mHA

I NN RNRNRRN NN
90 +- 11 —I—l—— = B B B ,,l,

80 + 4 1-1- - - - -4 |- - - - F-LtF-

action 5

T

%

50 1 4d-4 -1 0-tt-1 F-L A A =4 -1F -1 k-l R

40 1 S I N ) N TN O [ N N S N A T [ A

a0 | % EE [N () [P T O () SO 5 M [ R 5 [ ) [ [ 5% A

20 - B O A O O N O O Y % )
10 4 B T O O I ) O N 5 N N O O O % I 1
0 B 0 N N o D N 5 D N -

A A Cd Cd Cr Cr Fe Fe Mn Mn Ni Ni Pb Pb Zn Zn

SRPB 2
OFraction 1 0O Fraction 2 O Fraction 3 O Fraction4 ® Fraction 5

100 +— —- - - = = = T — S
I 0
ap - 4 1-4 |- — | - o I 1-+1- -]

80 1 Al-11-M-8B-1 V- - -1 -1 |-8-1 F-| F-H
70 1 41-11-M-B-t-H- 4 -4 1-1{-8-1 -1 F-] -
60 |- T --B-| L - - B T
£ 50 L 411 --8-1 -l F-LFA --1-1 - -1 F-| F- F
40 L 411 --TV-| b=l b4 -1 -8 -1 F-| F-] -

30 L S I S ., BN TN N N OO N 5 8 B N T A

20 4 -4 -E -t L Fd A --8 - -

10 4 A4 -1 - R - -

c A A Cd Cd Cr Cr Fe Fe Mn Mn Ni N Pb Pb Zn Zn

Figure 5.8 Metal fractionation in each part of medium size reactor (left column) and column
(right column) tests after dismantling using sequential extraction procedure: a) SRPB 1,

b) Wood ash filter, ¢) SRPB 2.
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Overall in medium size test, Al, Cr and Pb (expect in wood ash filter) were mainly present
under the most stable forms in the residual fraction. On the contrary, a non-negligible part of
Cd, Mn and Ni was in a soluble or exchangeable form. In addition, Cd could be also
remobilized in acidic conditions since it was mainly contained in carbonate bound fraction in
the three part of the system. As a trend, Fe, Mn, Ni and Zn showed similar behavior, with the
main proportions in the reducible or bound to Fe-Mn oxides-hydroxides fraction and in the
oxidisable or bound to organic matter. Therefore, these metals were relatively stable under

oxidizing conditions, even at low pH.

To summarize, iron, which is the most problematic metal in the treated AMD, was mainly
removed by the wood ash filter (at 80 mg/g of dry material) and then by the second SRPB (at
30 mg/g of dry material). Iron was removed by the first SRPB only at 17 mg/g of dry
material. These results were coherent with the decrease of metal concentration determined for
gach piezometer. Therefore, the role of the wood ash step as an iron filter was confirmed as

useful.

5.3.5 Comparison between columns and medium size test

Two different sizes of laboratory experiments were tested. First, three columns (107 L
cach) were connected in series to mimic a multi-step passive treatment system. Secondly, a
medium size experimental set up (approximately 2000 L) characterized by a more
representative geometry of typical full size systems was used. In addition to the difference in
volume, medium size test provided horizontal flow compared to columns which allow only

vertical flow (2D vs 1D).

The comparison between results from both experiments shows that the medium size test
performances are greater than the ones of the column experiment. Iron retention was efficient
{97% of removal) in the column test during approximately 250 days (equivalent to 12.8 pore
volume) for an iron load of 3.5 g/day, as presented in Table 5.5. Between 238 days and the
end of the experiment, iron removal decreased to 39% on average due mainly to wood ash
filter saturation. In the medium size test, iron retention was as efficient (96%) but for a period
of more than 364 days (24.2 pore volume) for a treated iron load of around 207 g/day.
Although pH stayed at similar values in both tests (between 6.5 and 6.7 on average), reducing
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conditions were better maintained in the medium size test (with an average of -115 mV
compared to -8mV on average in column tests) and for a longer period of time (during one
vear). As a result of these favourable sulphate reducing conditions, sulphates were removed
at values up to 72% in the medium size test compared to values around 50% in the column

test.

Table 5.5 Comparison between column and medium size tests

Column tests

Medium size test

Operational conditions
Total volume (L)
Flow
Total HRT (days)
Number of pore

during the test

Exit water quality
Average pH
Average Eh (mV)
Average iron (mg/L.)

Average 1ron % removal

Average sulphate % removal

Wood ash saturation (days)
Post-characterization

procedures
Iron content increase (ICP)

Iron fractionation (SEP)

SEM observations

volume

342
Up-flow
19.6
12.8

6.5

-8

42 before 238 days
2444 after 238 days
97% before 238 days
39% after 238 days
50%

238

3.7% m the first SRPB

1.5% in the wood ash filter
2.1% in the second SRPB

Fe mainly in the reducible
phase

32 mg/g mn the first SRPB

88 mg/g in the wood ashes
34 mg/g in the second SRPB
Gypsum

Iron associated to O end S
(Genty et al.,201 1 ¢, Genty et
al., 2011d)

2134

Horizontal

14.6 (19 theoretical)
24.2

6.7
-115
89.5

96%

72%
Not observed

1.3% m the first SRPB

7.8% in the wood ash filter
4.3% in the second SRPB

Fe mainly in the reducible
phase

17 mg/g in the first SRPB
80 mg/g in the wood ashes
30 mg/g in the second SRPB
Gypsum

Iron associated to O and S

In terms of metal retention mechanisms, observations in columns and in the medium size test
were relatively similar. The SEP also showed that iron was retained mainly in fractions 3 and
4 in each treatment section in both columns and medium size test reactor. Moreover, metal

content determination by ICP and SEP showed that the wood ash filter, in both experiments,
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acted mainly as an iron filter; 88 mg/g and 80 mg/g of iron were contained in wood ashes
after the experiments. Finally, SEM analyses showed precipitation of gypsum and the

presence of iron associated with oxygen and sulphur in both experiments.

To summarize, the medium size test geometry offered better treatment performances
compared to columns tests. However, metal retention mechanisms seemed to be similar in

both configurations.
5.4 Conclusion

Laboratory multi-step treatment of a high iron concentrated AMD (between 2000 and 4000
mg/L) using two SRPB stages separated by a wood ash filter showed a good efficiency.
Indeed, column multi-step treatment test allows neutralizing AMD acidity during more than
250 days. Iron concentration at the exit of the treatment columns increased mainly due to the
wood ash filter saturation. As a result, metallic acidity of the effluent increased considerably.
However, the multi-step medium size reactor performance was higher than the series of
columns in terms of iron concentrations. Indeed, iron concentrations were reduced by
approximately 95% (decreased from 2750 to 90 mg/l.) during over one year. Hydraulic
investigation on both columns and medium size reactor showed that clogging phenomenon
does not seem to affect the hydraulic properties of the materials used. Nevertheless, a tracer
test performed in the medium size reactor indicated the presence of preferential flow zones
which affected the water quality of the last compartment of the system. Finally, iron retention
mechanisms in both columns and medium size reactor were identified as the formation of

hydroxides and biogenic sulphides phases.

The methodology adopted in this article showed that the size of the experiment had an effect
on metal retention efficiency in the long term. Indeed, the medium size reactor
(approximately 2000L) was more efficient to remove metals than columns (33L) in a long
term period. Design of full scale treatment systems for high iron contaminated AMD should
be evaluated preferentially in a medium size reactor because of its more realistic operation

conditions.
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CHAPITRE 6

APPLICATION DES TRAVAUX DE RECHERCHE AU CAS DU SITE LORRAINE

Cette partie décrit la construction de la filiére de traitement multi-étape d’un DMA fortement
contaminé au fer sur le site minier abandonné Lorraine au Témiscamingue (Québec). Les

travaux ont ¢été financés par Ie ministére des ressources naturelles et fauniques du Québec.

6.1 Mise en contexte

Ie site minier Lorraine 4 Latulipe, au Témiscamingue, est un site minier abandonné depuis
1968. L.a mine a exploitée plus de 600 000 tonnes de minerai contenant du cuivre, du nickel,
de I’or et de I’argent, et entreposées les rejets de concentrateur générés par 1’ opération sur une
superficie d’environ dix hectares (Potvin, 2009). Les minéraux sulfureux présents dans les

rejets sont principalement la chalcopyrite, 1a pyrite, la pyrrhotite et la pentlandite.

Le site est générateur de DMA et a &€ restauré a partir de 1998 avec une couverture avec
effets de barriére capillaire (CEBC). Celle-ci, placée sur les résidus générateurs d’acide, vise
a contrdler 1la migration de 1’oxygéne (ce qui permet de limiter la production de DMA). La
performance du systéme de recouvrement a ét¢ évaluée ¢t présentée dans différentes
publications au cours des demni¢res années (e.g. Dagenais 2005; Dagenais et al. 2005;
Bussiére et al. 2009). Méme si le systéme de recouvrement est cfficace pour limiter la
migration de 1'oxygéne de I’atmosphére jusqu’aux résidus générateurs de DMA, 1'cau
contaminée contenue dans les pores va prendre un certain nombre d’années avant d’étre
¢vacuée. C’est pourquoi elle est récupérée et amenée vers trois drains dolomitiques anoxiques
(DOL-1 & DOL-3) visant 4 traiter I’cau contaminée. La Figure 6.1 montre la qualité des caux

sortant des trois drains dolomitiques au cours des trois derniéres années.
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Figure 6.1 Analyses de la concentration en fer et sulfate en sortie des drains DOL-1 a3

La concentration en fer a la sortie du drain DOL-3 est élevée (2803 mg/L. en moyenne de
2008 a 2010) et souvent méme plus grande que la concentration dans le DMA (2301 mg/L. en
moyenne). Des trois drains dolomitiques en place, la concentration en fer sortant du drain
DOL-3 est 1a plus élevée en moyenne. On peut également noter que 1’efficacité du drain
DOL-1 est supérieure avee des concentrations en fer qui ont diminuées jusqu’a 500 mg/L en
moyenne. En ce qui concerne le drain DOL-2, 1a performance de rétention du fer est faible
mais 1égérement supérieure a celle du drain DOL-3. Il en va de méme pour la concentration
en sulfates qui suit la méme tendance que le fer a des concentrations de 5395 mg/L en
moyenne a la sortic du DOL-3 et 5095 mg/L en moyenne dans le DMA. Le pH moyen a la
sortic du drain DOL-3 est autour de 5 durant 1’annc¢e 2010 par rapport a 4,4 pour le DMA

(voir Potvin, 2009, pour les détails sur 1’évolution des pH depuis la construction des drains).

La Figure 6.2 présente quant a elle 1’évolution des débits a la sortie des drains. On remarque
que le débit chute dans le drain DOI-3 au cours du temps. En paralléle, du DMA commence
a s’accumuler sur le dessus du drain (voir Figure 6.3). Tout ceci tant 3 supposer que le drain

DOL-3 se serait colmaté au cours du temps.
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Figure 6.3 Accumulation de DMA sur le dessus du drain DOL-3 en 2007
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Etant donné que le drain DOL-3, en place actuellement sur le site Lorraine, ne permet pas de
traiter les fortes concentrations en fer ¢t qu’il semble bouché, une filiére de traitement est
proposée dans ce qui suit afin de remplacer le DOL-3. La conception proposée ici s¢ base
principalement sur les essais en laboratoire présentés dans les chapitres 2 4 5. La fili¢re de
traitement proposée est celle présentée au chapitre 5. Une premiére section du traitement
contiendra un BPSR dont le réle est de diminuer le Eh, de diminuer un peu la concentration
en meétaux et de neutraliser le DMA., Par la suite, I’effluent entre dans un filtre contenant des
cendres de bois, qui aura pour réle de diminuer la concentration de fer par sorption et
précipitation. Enfin, I’effluent est traité¢ dans un dernier BPSR qui précipitera et adsorbera le

reste des métaux.
6.2 Conception du systéme de traitement

La section suivante présente plus en détails 1e design de 1a filiére de traitement du DMA riche

en fer proposée pour traiter les caux du site Lorraine.
6.2.1 Dimensionnement de la filiére de traitement

Ie systéme sur le terrain est composé de trois zones distinctes, dimensionnées selon le débit
d’alimentation de 5 L/min (correspondant au débit moyen de la premiére année aprés la
construction du drain). Les quantités de matériaux sont estimées sclon les masses utilisées

dans le modéle présenté au chapitre 5.
s Zone 1: Traitement sur biofiltre sulfato-réducteur avec le mélange de biofiltre #4
- Temps de rétention hydraulique : 3,4 jours
- Débit de traitement maximal : 5 L/min
- Pourcentage de vide estimé (porosité) : 50%
- Volume de la zone : 49 m’

- Masse de mélange n° 4 : 36 000 kg
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s Zone 2 : Traitement sur filtre avec de la cendre de cogénération du bois

- Temps de rétention hydraulique : 3,4 jours. Ce temps de rétention est plus long que
celui nécessaire a la sorption (voir chapitre 4, Table 4.5). Toutefois, la surdimension de cette
scction assure unc durée de vie plus importante au systéme. Basé sur les résultats de
détermination de la capacité maximale de rétention du fer (chapitre 4, 35 mg Fer/g de cendre
a pH 6), on estime la durée de vie avant saturation de la section a environs 3 ans (sans tenir

compte de la période hivernal de réduction du débit).

- Débit de traitement maximal : 5 L/min

- Pourcentage de vide estimé (porosité) ; 50%

- Volume de la zone : 49 m’

- Masse de cendre : 30 000 kg
s Zone 3 : Traitement sur biofiltre sulfato-réducteur avec le mélange de biofiltre #1

- Temps de rétention hydraulique : 4,2 jours

- Débit de traitement maximal : 5 L/min

- Pourcentage de vide estimé (porosité) : 50%

- Volume de la zone : 60 m’

- Masse de mélange n° 1 : 29 000 kg
Le choix de trois sections distinctes plutdt qu’une comprenant un mélange de tout les
matériaux a ét¢ fait de fagon a assurer : i) des ratios carbone / azote satisfaisants pour les
BPSR; 1i) 1a possibilité de changer les matériaux d’un compartiment facilement sans avoir

refaire tout le systéme; iii) un traitement optimal d’aprés les essais préliminaires en

laboratoire.

Le volume total du systéme est alors de 158 m’. En considérant que 1’espace disponible est de
45 m de long sur 10 m de large environ, un systéme de 45 métres de long et de section de 3,5
m’ (3.5m de large x 1m de hauteur approximativement) est creusé aprés avoir retiré les

matériaux du drain DOL-3. La Figure 6.4 montre 1’excavation du drain
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Figure 6.4 Excavation du drain DOL-3

Une pente de 1%6 est suggérée afin de favoriser 1’écoulement dans le systéme. Les relevés
topographiques faits en aout 2011 montrent que la pente actuelle du DOL-3 est déja treés
proche de 1%.

Le plan en coupe du systéme est présenté a la Figure 6.3,
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Figure 6.5 Plan en coupe du systéme proposé
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Les compartiments a I’entrée et a la sortie contiennent du gravier régulier et du gravier
grossier, ce qui permet de filtrer I’effluent a la sortie et de bien distribuer le DMA a 'enfrée.
Le volume de ces compartiments est d’environ 3,5 m’ chacun. La sortie du systéme consiste
en un tuyau en PVC de 10 cm de diameétre. La sortie sera 4 45 cm au-dessus de la hauteur du
systéme afin de s’assurer que tous les matériaux se trouvent en condition anoxique. Ce tuyau
gortira de la partie contenant du gravier, en fin de systéme de traitement. De la pierre (100-

200 mm) et de la terre sont déposées pour permettre de faire une digue a la sortie.

De la géomembrane en HDPE (type Solmax 460T-2000) a été utilisée pour créer une
tranchée étanche. La profondeur de creusage respecte celle du DOL-3 déja mis en place et
longe en grande partie le socle rocheux. Les géomembranes sont toujours déposées sur une
couche de géotextile afin de les protéger d’éventuels bris lors du dépét des matériaux. La
mise en place de la géomembrane et du géotextile en fond de systéme est présentée aux
Figures 6.0 et 6.7. Afin d’assurer les conditions anoxiques dans le systéme, un recouvrement
également constitué d’une géomembrane en HDPE et d’un sol d’une épaisseur de 0,5 m 4 1

m est mis en place par-dessus le systéme (Zaluski et al., 2003).

Figure 6.6 Mise en place du géotextile
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Figure 6.7 Mise en place de la géomembrane

6.2.2 Dimensionnement du drain d’alimentation du systéme de traitement

A P'entrée de la filiere de traitement, il est nécessaire de collecter toutes les eaux qui
s’écoulent de la digue. Pour cela, un systéme de drain collecte cette eau et ’améne vers la
partie traitante. Un schéma de la configuration du drain est présenté a la Figure 6.8. Le drain
est a cheval dans la digue et hors de celle-ci. Le volume de ce drain est d’environ 50 m’.
Cette partie sera remplie de gravier grossier (100 4 200 mm), tout comme le premier
compartiment de 3,5 m® de la partie traitante du systéme (voir Figure 6.9). Une géomembrane
permet d’assurer I'imperméabilité du systéme sur le dessus afin d’empécher les infiltrations

d’eau (Figure 6.10).
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Figure 6.9 Remplissage du drain de collecte du DMA par de la pierre grossiére
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Figure 6.10 Mise en place de la géomembrane supérieure sur le systéme de traitement et le

drain de collecte du DMA
6.2.3 Quantité et propriétés de matériaux utilisés dans la Mliére de traitement

Une légére variation est apportée aux mélanges des biofiltres par rapport aux essais dans le
modéle et dans les colonnes des chapitres 2 a 5. En raison du coiit élevé du carbonate de
calcium de grade industriel, de la calcite concassée d’origine locale (pureté de I'ordre de
94%, pourcentage passant 4 2 mm : 96%, 4 0,149 mm : 58,5%, 4 0,074 mm : 399%) seront
utilizés a la place. Toujours pour des raisons économiques, I’ajout d’urée (nutriment azoté)
n’est pas effectué, d’autant plus que le furnier de volaille utilisé est riche en azote (2.6%0). La
sciure et les copeaux de bois d’érable ont été remplacés par des copeaux de trembles
disponibles localement. La granulométrie des copeaux est toutefois supérieure (trés variable,
de I'ordre d’un cm & plusieurs cm). Aucnn ajout de sédiments dans les mélanges (comme
source de bactéries sulfato-réductrices) est effectué étant donné que le fumier et le compost
contiennent déja ce type de bactéries (Tableau 6.1). Le second compartiment utilisé pour la
rétention du fer contient uniquement de la cendre de bois, riche en carbone organique et dont

la capacité de sorption a été démontrée dans le chapitre 4. Finalement, 1'utilisation de
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matériaux régionaux a ét¢ privilégiée afin de limiter les cofits de transport. La composition

des mélanges pour BPSR de type #1 ct #4 est présentée au Tableau 6.2.

Tableau 6.1 Propriétés des matériaux utilisés dans le systéme (COT=carbone organique total,

CT=carbone total, NTK azote totale Kjeldahl, COD=carbone organique dissous a partir

d’un extrait solide liquide 1 :10, BSR=bactéric sulfato-réductrice)

Materiaux Copeaux Fumier de Compost  Carbonates Cendres
de tremble  volaille de feuilles  concassés de bois

Provenance Ville- Riviére- Québec New- Kirkland-
Marie Héva Liskard Lake

pH 58 6.0 6.7 - 12.2

COT (Yow/w dry weight) 44 26 24 - 19

CT (%ow/w dry weight) - - - 11.4 36

NTK (%w/w dry Weight)  0.063 2.6 1.3 - -

COD (mg/L) 35 57 48 - -

BSR (cellules/100 mL) <2 450 780 - -

% Carbonate de calcium - - - 94% -

basé sur le CT

Tableau 6.2 Composition des BPSR sur le terrain (% massique en matériaux secs)

Composants #1 #4
Copeaux de trembles 36 18
Fumier de volaille 17 10
Compost de feuilles 24 12
Sable 21 10
Carbonate concassé 2 50

Compte tenu de I’humidité des matériaux, de la perte de matériaux lors du transport, de la

manutention ¢t des mélanges, les masses totales de matériaux acheminés sur le site sont les

suivantes (Tablecau 6.3).
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Tableau 6.3 Masse de matériawx pour le systéme complet (avec un facteur de sécurité de

1(2%)
Composants Masge (fonnes)
Copeaux de trembles 20t
Fumier de volaille 10t
Compost de feuilles 281
Sable 10t
Carbonate concassé 20t

Cendre de cogénération 361t

Le mélange des matériaux est réalisé par une chargeuse et le dépét dans le systéme par une

pelle mécanique (voir Figures 6.11 et 6.12).

Figure 6.11 Mélange des matériaux avec une chargeuse
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Figure 6.12 Dépét des matériaux dans la filiére de traitermnent

6.2.4 Devenir de la dolomite remplissant le DOT-3

La dolomite se trouvant actuellement dans le drain a été enlevée puis déposée directement sur
le recouvrement multicouche du site (Figure 6.13). En effet, une étude récente montre que les
éléments constituant I’eurobage de la dolomite ne seraient pas facilement remobilisables au
contact de I’eau (Potvin, 2009). Cette étude a en effet montré que I"enrobage de la dolomite
du drain DOL-3 est constitué principalement de gypse et de goethite (qui sont déja sous une
forme asggez stable en conditions aérobieg). De plus, le fer est presque le seul métal 4 avoir été
retenu dans le drain DOL-3. Enfin, si cet enrobage venait a relarguer des polluants, ces
demiers seraient alors contenus sur le parc a rejet puis refraités par le nouveau systéme de

traitement.
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Figure 6.13 Dolomite sur le parc a résidu restauré

6.2.5 Instrumentation de la [iliére de traitement

La filiére de traitement est instrumentée de facon a suivre les performances de chaque partie
du traitement. Pour cela, les paramétres suivants sont suivis, grice a des sondes autonomes, a

I’entrée et sortie de chaque compartiment :

e Le pH : Il permet de suivre la neutralisation;

e LeEh : Il permet de vérifier si I’eau se trouve dans des conditions réductrices;

¢ Latempérature : elle permet le suivi des performances en fonction de la température;

e Des piézométres dans chaque section de traitement: pour un prélévement ponctuel

d’échantillons afin d’analyser les métaux, 1’ acidité et I’alcalinité,

La figue 6.14 montre le concept de I’ instrumentation.
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Figure 6.14 Instrumentation de la filiére

La conception de 1a filiére de traitement présentée dans ce chapitre résulte des conclusions

des essais en laboratoire déterminés au cours de ce doctorat et de plusicurs autres études (c.g.

Neculita, 2008, Potvin, 2009). De plus, le remplacement du drain DOL-3 qui ne fonctionnait

pratiquement plus est Poccasion de réhabiliter un site affecté par un DMA fortement

contamingé (Figure 6.15 présentant le site aprés les travaux) d’autant plus que le colit associé a

la construction du systeme de traitement passif est relativement faible. Cet essai grandeur

nature est trés important dans la compréhension des mécanismes de traitement des DMA

fortement contaminés en fer. En effet, il permettra principalement de déterminer 'effet

d’échelle sur les performances de traitement ainsi que d’évaluer Deffet des conditions

climatiques sur la performance de neutralisation et de rétention des métaux du systéme de

traitement proposé.
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Figure 6.15 Ftat du site aprés la mise en place de la filiére de traitement du DMA



CHAPITRE 7

CONCLUSIONS ET RECOMMANDATIONS

7.1 Sommaire

L’utilisation de fili¢res de traitement est I’'une des solutions les plus prometicuses pour traiter
les drainages miniers acides (DMA) fortement contaminés en fer. Ainsi, la rétention des
métaux ct la neutralisation de I'acidité peuvent étre effectuées par différents mécanismes et

en plusicurs étapes.

Cette thése est la suite logique des travaux de doctorat de C. Neculita (2008) et R. Potvin
(2009) qui ont travaillé sur les systémes passifs biologiques (biofiltres passifs sulfato-
réducteurs, BPSR) et abiotiques (drains calcaires anoxiques et oxiques) pour traiter des DMA
fortement contaminés en fer (plus de 500 mg/L.). Toutefois, ces études (ainsi que les chapitres
2 et 3 de cette thése) ont montré que de tels systémes, utilisés seuls pour traiter un DMA
fortement contaminé en fer, ne sont pas efficaces (peu de réduction du fer, problémes de
colmatage par des hydroxydes de fer, toxicité de I’effluent causée par le fer). Dans cette
thése, I’emphase a donc été mise sur les différentes options de traitement pour le DMA

fortement chargé en fer.

L’ approche adoptée dans cette étude pour rechercher une solution au traitement de tels DMA

peut étre divisée en cing étapes :

1. Caractérisation physique ot chimique des matériaux locaux potentiellement
utilisables dans un systéme passif. Ces analyses permettent de mettre en lumiére la
capacité¢ de certains matériaux, telle la matiére organique, a soutenir 1’activité des
bactéries sulfato-réductrices (BSR), de démontrer une capacité de neutralisation et/ou
une prédisposition favorable aux phénoménes de sorption.

2. Tests en batch (=300 mL). Cette étape permet de pré-sélectionner les matériaux et les

mélanges réactifs les plus prometteurs pour les BPSR. De plus, clle permet de
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caractériser les propriétés de sorption des métaux de certains matériaux (matiére
organique ¢t cendres par exemple).

3. Tests en colonne (=10 L). Cette étape est capitale afin de déterminer Defficacité dans
le temps des systémes en conditions plus réalistes et d’évaluer les performances
hydrauliques. De plus, les paramétres d’opération, tels le temps de rétention
hydraulique (TRH) et I’ordre dans lequel les procédés peuvent s’enchainer dans une
filiére de traitement, sont évalués dans ce type d’essai. A la fin des essais, la solution
la plus prometteuse pour traiter un DMA fortement chargé en fer peut étre identifide.

4. Test en réacteur de 2 m’. Ce test final permet de vérifier I’efficacité de la filiére de
traitement déterminée a I’étape précédente, dans une configuration plus réaliste. De
plus, la quantité de matériaux utilisée dans le réacteur, la géométrie et le TRH servent
de base pour les calculs servant a la conception d’un systéme grandeur réelle.

5. Construction de la filiére de traitement grandeur réelle. Cette demiére ¢tape fait la
synthése de toutes les observations obtenues durant les essais en laboratoire. Elle

tient compte des propriétés chimiques et hydrogéologiques des matériaux.

ILa méthodologie présentée ci-dessus se retrouve donc dans la thése a travers les cing
chapitres principaux. On présente dans ce qui suit les principales conclusions, contributions

et recommandations de chacun de ces chapitres.
7.2 Chapitre 2

Dans cette étude, les matériaux utilisés pour concevoir les mélanges utilisés dans les BPSR
pour le traitement d'un DMA fortement concentré en fer ont été caractérisés pour leur
propriété de sorption du fer. Les essais de sorption ont montré principalement que les
matiéres organiques (i.e. fumiers, boues des caux usées municipales et le compost végétal)
sont les substrats les plus performants pour enlever le fer. Plus précisément, la relation a
I'¢quilibre entre le fer en solution et le fer adsorbé a 1a surface du solide est principalement
proche du modéle de Freundlich (en d'autres termes, la sorption s'est produite sur une surface
hétérogéne) aux deux pH testés (3 et 6). La cinétique de réaction de sorption du fer peut étre
décrite pour la plupart des matériaux testés a pH 3 et 6, par une équation de pseudo-second

ordre; modéle qui représente souvent une liaison forte entre la surface du matériau et les
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cations métalliques (chimisorption). Toutefois, la cinétique de sorption est plus rapide a pH 6

qu’'apH 3.

Par la suite, huit mélanges différents pouvant constituer un BPSR ont été comparés pour leur
capacité a traiter un drainage minier acide (pH 3.5 et [Fe] = 4000 mg/L) en utilisant des tests
batch de 40 jours. Les essais batch ont ét¢ utilisés pour identifier rapidement (et de fagon
préliminaire) les meilleurs mélanges pour BPSR. Pour 1a plupart des mélanges testés, le pH
augmente jusqu'a 7.5-8, le potentiel redox diminue en dessous de 0 mV apres 10 jours d'essai

et les concentrations de métaux dissous ont été réduites de plus de 99%.

Les principales conclusions des essais batch peuvent Etre résumées ainsi. Premiérement, les
différents matériaux organiques (fumiers de poules, vaches, moutons et les boues
municipales) pourraient étre utilisés indifféremment sans affecter de maniére significative les
performances d'un BPSR. La présence de sédiments comme inoculum de bactéries n'est pas
cssenticlle car d'autres matériaux contiennent déja des bactéries sulfato-réductrices (fumier,
compost végétal). De plus, 1'ajout de 50% en masse d'agent structurant (calcite fine ou sable)
pour améliorer les propriétés hydrauliques n'a pas affecté¢ de maniére sigmficative l'efficacité
de rétention des métaux. La réduction des sulfates n'est pas le mécanisme principal de
traitement des métaux au début du test; la sorption joue un rble important pendant les
premicres étapes du processus. Finalement, les mélanges les plus prometteurs (i.e. #1, #4 et
#7, avec ou sans 50% d'agent structurant) ont été sélectionnés et ont &€té utilisés dans les
essais en colonne afin d’évaluer leur comportement hydraulique et leur performance de

rétention des métaux en conditions dynamiques.

En termes de contributions scientifiques, cette partie de la thése présente pour une rare fois
une caractérisation du pouvoir de sorption du fer des matériaux organiques utilisés dans les
mélanges réactifs pour BPSR dans le cadre du traitement passif du DMA. De plus, par
rapport aux travaux de Neculita (2008) et Potvin (2009), ce travail étudie ’effet de
I’augmentation de la proportion d’agent structurant (jusqu’a plus de 50% en masse), I'impact
d’ajouter ou non des sédiments comme source bactérienne, le remplacement d’un type de

fumier par un autre et enfin 'utilisation ou non de nutriments comme 1’urée.
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Etant donné que la sorption est un phénoméne grandement fonction du pH, de la température
¢t de la force ionique de la solution, les principales recommandations sont d’cffectuer
plusieurs tests supplémentaires en variant les parameétres présentés précédemment, afin de
mieux décrire la sorption des métaux a la surface des matériaux utilisés dans le biofiltre. Ces
tests pourront d’ailleurs étre réalisés en duplicata de fagon a valider statistiquement leur
qualité. De plus, la détermination du pH de la charge nulle de surface des matériaux
permettrait aussi de comprendre pourquoi certains matériaux ont une mauvaise capacité de
sorption dans les conditions acides du DMA (cas des copeaux et de la sciure). Enfin, une
meilleure détermination des fonctions organiques présentes en surface des matériaux (par

FTIR par exemple) permetirait de micux comprendre la rétention des métaux par sorption.
7.3 Chapitre 3

Les efficacités a long terme (plus de 450 jours) de trois BPSR en colonne (10,7 L, mélanges
#1, #4 et #7) ont été évalués pour le traitement d'un DMA ayant une concentration élevée en
fer (entre 1000 et 4000 mg/L). Les résultats présentés dans ce chapitre montrent que la
performance de traitement du fer avec les BPSR est limitée. Néanmoins, le pH en sortie des
colonnes est augmenté 4 6 en moyenne. Les métaux comme Al, Cd, Cr, Ni, Pb et Zn sont
relativement bien retenus dans les colonnes mais le fer reste présent 4 une concentration
élevée (environ 3190 mg/1. a 3387 mg/L. en moyenne). Cette concentration élevée en fer dans
les effluents de BPSR conduit & une acidité élevée provoquant une diminution du pH de
'effluent aprés quelques heures d’exposition aux conditions de l1aboratoire (exposé a 1’air). La
méthode choisie pour comparer Uefficacité des colonnes a été de déterminer le pourcentage
de la concentration en métal initiale qu a été retenue. Toutefois, d’autres méthodes de

comparaisons auraient pu étre utilisées tel le calcul de la masse de fer retenue par colonne.

Par ailleurs, aucune réelle différence n'a ét¢ observée entre les trois mélanges testés.
L'efficacité de rétention des métaux a &€ 1égérement affectée par le TRH. De plus, 1'ajout de
50% en masse d'agent structurant (sable calcique ou sable) pour améliorer les propriétés
hydrauliques n'a pas affecté de maniére significative 1'efficacité¢ d'élimination de métaux
comme dans les tests batch. Les mesures de conductivité hydraulique saturée ont montré

aussi que P’ajout d’une proportion plus grande d’agent structurant n'a pas vraiment permis
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d'améliorer les propriétés hydrauliques. Toutefois, 1a colonne #7 voit son ke, diminué a la fin
de la période d’essai. Cependant, aucun changement de texture n’a ét¢ observé lors du
démantellement de la colonne. Cette diminution de ke pourrait provenir de bulles de gaz
resultant de 1a décomposition de 1a matiére organique dans la colonne (mauvaise saturation).
Un test de traceur effectué en fin de test sur 1a colonne contenant le mélange #4 (compos¢ de
50% en masse de mélange organique pour BPSR et 30% en masse de calcite fine) n’a
démontré aucun changement significatif de la porosité, pour la période testée. Les différents
résultats permettent donc de conclure que les phénoménes de colmatage n'ont pas été présents

de fagon significative dans les BPSR testés.

Enfin, la caractérisation des mélanges aprés démantélement des colonnes a montré que le fer
(I'él1ément le plus problématique 3 traiter dans le DMA) a €té principalement retenu par la
formation dhydroxydes ou d'oxyhydroxydes et par précipitation de sulfures. Les extractions
séquentielles réalisées pour fractionner les métaux retenus dans le biofiltre auraient pu étre
réalisées en plus du milieu sur le haut et le bas de la colonne. La literrature (¢.g. Neculita et
al., 2008b) montre d’ailleurs que les métaux ne sont pas distribués éagalement sur toute la
longeur de la colonne (cas d’une colonne alimentée par le haut). Toutefois, en raison du
nombre important d’analyses que cela aurait impliqué et de I’absence de preuve visuelle lors
du démantélement d’un comportement différent entre le haut et 1a bas du systéme, il a &t
jugé pertinent de faire les analyses uniquement sur le milieu de la colonne, qui représente

alors une moyenne de ce que 1’on retrouve dans le biofiltre.

La principale contribution de cette partic de la thése est de démontrer que 'utilisation scule
d’un BPSR pour traiter un drainage minier acide concentré en fer (dans ce chapitre entre
1000 et 4000 mg/1.; concentrations nettement plus élevées que celles testées par les autres
chercheurs dans la littérature, mais fréquemment retrouvées sur le terrain) n’est pas une
option viable a long terme ¢t ce, pour tous les mélanges testés. De plus, cette étude a permis
de déterminer quel type de traceur (NaCl) peut étre utilisé dans le BPSR afin de déterminer le
TRH réel; on ne retrouve a notre connaissance pratiquement aucune tentative de ce genre
dans la littérature. Enfin, les travaux ont montré que 1’'utilisation de colonnes ayant une

alimentation en DMA du bas vers le haut prévient aussi le colmatage du systéme.
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Ce chapitre montre que les BPSR intégrent plusicurs procédés pour le traitement des DMA.
Tout d’abord, les phénoménes de rétention des métaux vy sont trés diversifiés (sorption,
précipitation sous différentes formes, etc.). La caractérisation des matériaux aprés utilisation
est ainsi difficile a réaliser étant donné que les phases minérales précipitées sont peu stables
dans les conditions des analyses. Par exemple, les sulfures biogéniques risquent de s’oxyder
trés rapidement au contact de 'oxygéne. L’analyse effectuée alors sur un échantillon sec (ce
qui st le cas pour la plupart de nos analyses post-démantélement) ¢’en trouvera biaisée si
celui-ci n’est pas séché sous azote par exemple. C’est pourquoi on suggére de tester d’autres
techniques d’analyse de surface des solides telle que la XPS (spectrométric des
photoélectrons X). Cela permettrait de micux cemer les mécanismes de traitement. En outre,
il sera alors plus facile de différencier la précipitation et la sorption en sachant avec quel type
d’atome ou groupement le métal est associé. I.’avantage des analyses XPS est que 1’on peut
pratiquer directement 1’essai sur un ¢échantillon congelé (prévenant ainsi 1’altération des
phases précipitées). Une autre recommandation de ce chapitre serait de mener une étude
microbiologique de I’influence sur I’activité microbienne du biofiltre du sel utilis€ lors du test

de traceur.

7.4 Chapitre 4

Ce chapitre porte sur la caractérisation des cendres de bois vis-a-vis du traitement d’un DMA
fortement chargé en fer. Les cendres de bois sont des matériaux a faibles coiits et disponibles
localement. Les cendres sont aussi connues pour leurs propriétés de rétention des métaux et
pour leur pouvoir neutralisant. Elles sont donc des matériaux ayant un bon potenticl
d’utilisation dans une filiére de traitement ou son principal réle est alors de réduire la
concentration en fer avant un traitement final par BPSR. Au préalable, des tests sur plusieurs
matériaux reconnus pour avoir de bonnes propriétés de rétention des métaux (exemple de la
tourbe, voir Appendice C) ont montré que les cendres de bois avaient un potentiel de sorption

supérieur.

Trois matériaux a base de cendres ont ¢té testés : les cendres de bois (matériel initial), 1a
partic riche en carbone des cendres (obtenue par flottation) et les cendres de bois fines

(tamisées en dessous de 1,18 mm de diametre). Les résultats de la caractérisation ont montré
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que les cendres ont une surface spécifique élevée (entre 46 i 159 m*/g), une haute teneur en

carbone organique (entre 12 et 32%) et des pH de pate ¢élevés (jusqu'a 12,2).

Ies isothermes de sorption du fer correspondent au modéle de Freundlich pour les cendres de
bois, le carbone et les cendres de bois fines et ce, autant 3 pH 3 qu’a pH 6. Cependant, 1’étape
limitante lors de la sorption du fer dépend du matériel et du pH : réaction de pscudo-second
ordre a la surface du matériau (pour la cendre et le carbone a pH 3, la cendre tamisée a 1,18
mm a pH 6) ou une diffusion interne (carbone a pH 6, la cendre tamisée a 1,18 mm a pH 3) et

externe (la cendre 3 pH 6) du fer vers la surface du grain.

Par 1a suite, cing colonnes de 1,7 L avec différents mélanges de cendres et de sable (cendres
de bois, cendres de bois et 30% massique de sable, cendres de bois et 60% massique de sable,
cendres de bois fines et carbone) ont été étudiées pour enlever les métaux d’un effluent de
BPSR. Les colonnes ont permis de déterminer que les cendres de bois scules sont les plus
efficaces pour retenir le fer; clles diminuent la concentration de fer au cours d'une période de

plus de cent jours en dessous de 10 mg/L (99% d'élimination du fer).

ILe fer est retenu principalement sous forme d’hydroxydes ou oxyvhydroxydes. En effet, les
analyses au microscope électronique a balayage (MEB) ont montré une superposition de fer
¢t d’oxygéne (possible pour des oxydes ou hydroxydes) et les résultats de ’analyse par
diffraction des rayons X (DRX) proposent la formation de goethite. Enfin, 1’extraction
séquentielle met en évidence que le fer est principalement contenu (de 73,4 4 51,1%) dans
une fraction réductible ou lié & des oxydes-hydroxydes de Fe-Mn. La sorption pourrait
¢galement jouer un réle important puisque la fraction correspondant aux phases liées a de la
mati¢re organique n'est pas négligeable pour chaque matémau. Le deuxiéme élément
important retenu dans les colonnes est le sulfate. En effet, 1a concentration de sulfate du
DMA a diminué de maniére significative (entre 43 et 51% de rétention selon la colonne),

cssenticllement par précipitation de sulfate de calcium (gypse ou anhydrite).

Enfin, le risque de colmatage du systéme est négligeable pour la période testée puisque la
conductivité hydraulique saturée est restée stable durant la réalisation des essais, dans la

gamme de 5,0x107 cmy/s a 3,1x10%cm/s.
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La contribution majeure de ce chapitre est 1’étude de 1'utilisation des cendres de bois d'une
usine de cogénération afin de traiter un DMA. A notre connaissance, cette étude propose
I'une des premiéres caractérisations détaillées de la capacité de traitement du fer par sorption
dans un effluent de BPSR. De plus, des caractérisations utilisant différentes techniques
minéralogiques (MEB, DRX), chimiques (extractions séquenticlles, digestions acides),
thermiques  (thermogravimétric), physiques (surface spécifique, granulométric) et
hydrauliques (conductivité hydraulique saturée) ont permis de décrire les mécanismes de

rétention des métaux et le comportement hydraulique des colonnes.

Tout comme les matériaux organiques (chapitre 3), les techniques d’échantillonnage et de
caractérisation i 1’ étape post-démantelement peuvent faire changer la spéciation des éléments
analysés méme si un maximum de précautions est pris lors de la réalisation des tests. Dans le
cas des phénomeénes de somption, I’analyse des surfaces par des techniques telles 1a XPS et la
FTIR (spectroscopie infrarouge a transformée de Fourrier) pourrait étre poussée davantage
afin d’affiner la connaissance des mécanismes de rétention des métaux. De plus, la
modélisation géochimique couplée avec ces nouveaux types d’analyses de surfaces
permettrait de micux différencier les phénoménes de précipitation et de sorption entrant en
jeu dans la rétention des métaux. Enfin, des tests de traceur et des cssais dans des colonnes
plus grandes permettraient d’améliorer notre compréhension des propriétés hydrauliques des

cendres de bois sur le long terme.
7.5 Chapitre §

Comme il a ét¢ présenté au chapitre 3 et tel que mentionné par Neculita (2008) et Potvin
(2009), les BPSR ufilisés seuls ne sont pas suffisamment efficaces pour traiter un DMA
contenant une forte concentration en fer (> 500 mg/L). Une fili¢re de traitement incorporant
plusicurs méthodes de traitement, serait probablement une bonne option pour traiter un tel

DMA hautement contaming.

Dans ce chapitre, 1’évaluation des performances d’une filiére de traitement pour un DMA
fortement contaminé en fer (pH = 3; entre 2000 et 4000 mg/I. de fer) est réalisée dans des
colonnes placées en série (environs 10 L) et dans un réacteur compartimenté de 2 m® environ.

La fili¢re comprend trois sections séparées. La premiére section se compose dun BPSR
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contenant 50% en masse un mélange réactif (fumier, sciure, copeaux d'érable, compost, urée,
sé¢diments et sable) et 50% de calcite fine. Son but premier est de neutraliser l'acidité et de
retenir une partie des métaux dissous dans le DMA. La deuxiéme section contient des cendres
de bois qui agissent comme un neutralisant et, surtout, comme un filtre pour le fer (la
rétention du fer se fait par sorption et précipitation). La demiére section est composée d'un

second BPSR (avant 2% de calcite) afin d’éliminer les métaux résiduels.

Ies résultats ont montré que le pH a augmenté en moyenne autour de 6 dans les colonnes et
le réacteur et que le potentiel redox (Eh) a diminué de manigre significative a -100 mV dans
le second BPSR du réacteur et 4 approximativement 135 mV a la sortie des colonnes. Le fer a
été réduit A environ 100 mg/T. dans le réacteur tandis qu'il a été¢ diminué a une moyenne de
712 mg/I. dans le traitement en colonnes. Dans le cas du fer, 1a norme de rejet (3 mg/I) n’est
pas respectée. Toutefois, ceci pourrait étre corrigé en augmantant légérement le temps de
rétention ou en aérant 1’effluent. Les concentrations en Al, Cd, Cr, Ni, Pb ¢t Zn respectent

quant a elles les normes de rejets de U'industrie miniére.

I’une des différences principales en termes de performances entre les colonnes et le réacteur
est le temps pour saturer en fer le systéme composé de cendres de bois. Pour les colonnes, le
fer n’est trés bien plus retenu (moins de 45% de rétention) a partir de 300 jours environ (avec
un TRH de 19,6 jours). En ce qu concerne le réacteur de 2 m?, aprés un an de
fonctionnement au méme TRH, le fer continue d’étre retenu (rétention de plus de 98% i 364
jours d’opération). Ainsi, les résultats présentés dans ce chapitre montrent bien que 1’échelle
¢t 1a configuration de la fili¢re de traitement a un impact sur les performances de traitement a
long terme. Par contre, les mécanismes de rétention des métaux sont similaires que ce soit

dans le réacteur ou dans les colonnes.

La principale contribution de cette partic est I'utilisation d’une filiére de traitement (colonnes
ou réacteur de 2m’) pour tester le traitement d’un DMA riche en fer (2000 a 4000 mg/L). De
plus, une comparaison d’cfficacité¢ en fonction de la géométric ¢t de la taille du réacteur a
permis de démontrer 1’effet favorable d’un test en plus grand volume sur les performances a
long terme des filiéres de traitement. Enfin, cette étape en réacteur de 2m’ permet d’évaluer

les quantités de matériaux nécessaires pour la construction a grande échelle d’une telle filiére.
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Il est important de souligner qu’un test de traceur cffectué dans le réacteur a indiqué la
présence d’une zone d’écoulement préférentiel. Cela pourrait signifier que le débit d’effluent
passant dans chaque pié¢zomeétre d’échantillonnage serait peut-étre moindre et donc que le
temps de rétention serait plus grand que celui théorique. Afin de valider ou rejeter cette
possibilité, des tests de traceurs complémentaires pourraient aussi étre menés dans chaque
pi¢zometre. Le traceur utilisé ici est du NaCl. Toutefois, ce traceur n’est pas conservatif,
¢’est-a-dire qu’il est en partie retenu dans le systéme ce qui n’est pas souhaitable dans un test
de traceur. 11 serait alors intéressant de tester d’autre traceur tel les traceurs isotopiques par

exemple.
7.6 Chapitre 6

Ce demier chapitre présente la conception ct la construction d’une filiére de traitement sur le
sitc minier Lorraine au Témiscamingue. La conception se¢ base principalement sur les
paramétres utilisés dans le réacteur de 2 m’. Le systéme est composé de trois sections tout
comme celui présenté au chapitre 5. La construction s’est déroulée sur une semaing en aoilt
2011. Ce systéme fait 40 m de long sur 3 m de large et 1 m de haut (environ 120 m’). Le
systéme est dimensionné pour traiter un débit maximal de ’ordre de 5 L/min (temps de
rétention hydraulique de 12 jours). Cette filicre de traitement permettra ainsi de micux
évaluer I'impact des températures sur les performances de traitement, 1’impact des variations
de débits et de composition du DMA causées par les précipitations et I’influence du gel
hivernal sur la reprise de I’activité bactérienne a la fonte des neiges. A la connaissance de
I'auteur, il s’agit d’une premicre conception ¢t construction d'une filicre de traitement
utilisant des cendres de bois pour un DMA fortement contaminé en fer dans un contexte

climatique similaire 4 celui du Québec.

Les principales recommandations de ce chapitre sont principalement de suivre la qualité de
I’cau en sortie de systéme afin de vérifier son efficacité, d’évaluer 1a qualité de ’effluent 4 la
sortic du systéme d’un point de vue toxicologique (de méme que pour le réacteur de 2m’),
d’évaluer I'effet de la température et des précipitations sur les performances du systéme, puis
enfin de déterminer le TRH effectif et de caractériser le comportement hydraulique in situ par

des essais de traceur.
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7.7 Derniéres remarques

Le choix d’un systéme de traitement simple ou d’une fili¢re de traitement dépend beaucoup
de la qualité du DMA 3 traiter et des matériaux disponibles localement. Pour le moment, il
n’existe pas réellement de formule permettant de concevoir les systémes; la conception reste
encore essenticllement empirique. Dans le cas des DMA fortement contaminés en fer, lcs
systémes de traitement se saturent pour la plupart relativement rapidement. Il est donc
recommandé d’utiliser ce type de traitement en paralléle avec des méthodes de contréle qui
limitent la génération de drainage minier acide. Par exemple, le site ILorraine au
Témiscamingue posséde trois traitements passifs (une filiére de traitement de type BPSR-
cendres-BPSR, et deux drains dolomitiques) qui ne pourraient fonctionner si le parc a résidu
n’avait pas €t restauré par une couverture a effet de barriére capillaire (CEBC) limitant les
flux d’eau a traiter et la diffusion de I’oxygéne vers les résidus trés réactifs (et donc la

production de DMA).

Pour finir, les systémes passifs permettent d'utiliser des maténiaux considérés souvent comme
des déchets (fumier, sciure de bois, boues municipales). De tels systémes peuvent alors
devenir une altemative viable afin de recycler une partic ces matériaux. Toutefois, une fois
que les systémes de traitement sont saturés, il faudra alors gérer des matériaux
potentiellement contaminés aux métaux lourds. Il serait alors utile de caractériser le
comportement environnemental de ces matériaux de fagon a les stocker de fagon adéquate
{Genty et al., 2012). Il serait aussi intéressant de développer des moyens pour récupérer les

métaux ayant une valeur économique.
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Abstract

This work presents an experimental method developed over the years to design, set-up, and
operate columns that test sulphate reducing passive bioreactors (SRPBs) for acid mine

drainage (AMD) treatment. Results obtained from identical columns with this experimental
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approach are presented and interpreted for their statistical validity. The statistical analysis
was based on the “paired-difference test” which allows comparing two sets of data in pairs by
looking at the difference between the two sets of data. The three series of data showed a good
repeatability (data within a confidence interval of 95%) for pH, oxydoreduction potential,
alkalinity, total iron and sulphate concentrations. Hence, duplicate or triplicate column tests
arc not systematically required for assessing the performance of SRPBs, if the columns are

designed, set-up, and operated as proposed by the authors.

Key words: passive treatment, sulphate-reducing passive bioreactor, statistical

analysis, repeatability
A.1 Introduction

Preventing the formation of AMD is gencrally the preferred option for mine sites
rehabilitation (Aubertin et al., 2002). In many cases, especially when the weathering process
of metal sulphide minerals is already entailed, prevention alone is not sufficient and the
collection and temporary treatment of contaminated mine water is also required. There are
numerous available options to treat the AMD, which can be classified into chemical and
biological systems that both mainly aim at increasing pH, neutralising acidity, and removing
metals. Another classification differentiates the active systems, which require continuous
input of resources to sustain the process, from passive systems, which in exchange, require
relatively minimal maintenance during operation (Neculita et al., 2008, Potvin, 2009).
Passive systems, together with an AMD control method, are the best option to rehabilitate
abandoned mine sites. The present study focuses on SRPBs as sustainable biotechnology for
AMD treatment. SRPBs permit to increase the pH, generate alkalinity and remove metals

from contaminated water (Neculita et al., 2007, Potvin, 2009),

Passive systems for AMD treatment are often designed on the basis of column efficiency
testing. However, the repeatability of these tests could be questionable due to the inherent
heterogeneity of solid materials be used in the reactors and to differences in laboratory
experimental test procedures. Performing duplicate or even triplicate column tests are often

requested to obtain statistically valid results. The number of scenarios that could be tested for
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AMD treatment is limited by the high costs involved (Demers <t al., 2011). This study
presents a laboratory methodology which was developed in order to set-up and to operate

SRPBs laboratory columns, and to evaluate the repeatability of column tests.

A.2 Columns set-up and operation

SRPB duplicate (or triplicate) tests were performed under similar conditions (14 cm diameter
x 70 cm height in Genty, 2007 and 2011, 10 cm diameter X 45 cm height in Neculita et al.
2008). Column reactors were built with transparent Plexiglas and equipped at the bottom side
with a perforated plastic plate, which was covered with a geotextile to avoid the leaching of
fine particles in the effluent. In addition, to prevent clogging and/or to allow a uniform flow
distribution at the influent and effluent ports, column ends were filled with 5 cm heights of
gravel (~ 1 em diameter) in both the upper and bottom arcas. SRPB mixture materials were
firstly mixed and homogenized, and then packed in columns in 10 cm height layers (each
layers should have similar weights and water content). Layer was slightly compacted before
the addition of the next one. Then, an aluminum foil was laid around the column to prevent
chemolithotrophic and phototrophic bacteria development. After the set-up, the bioreactors
were saturated with Postgate B medium (Postgate, 1984), which was prepared using distilled
water and had the following composition: 3.5 g/LL sodium lactate; 2.0 g/L. MgSQ,-7TH;O; 1.0
¢/I. NH,CI; 1.27 g/I. CaSQ,2H;O; 1.0 g/l. yeast extract, 0.5 g/I. KH,PO,;, 0.5 g/L
FeSO,-7TH,(; 0.1 g/I. thioglycolic acid, and 0.1 g/I. ascorbic acid. Columns were then
incubated for four weeks (acclimation period) before starting their operation. The individual
volume of Postgate B medium was used to calculate the porosity of cach column.
Theoretically, the estimated porosity should be as close as possible for the duplicate (or
triplicate) columns. AMD fed was started after the acclimation period; the column was
considered ready for AMD treatment when the oxydoreduction potential decreased to values
below -150 mV (Neculita et al., 2008). The AMD was pumped at selected flow rates to insure
the reaching of the targeted hydraulic retention time (HRT). The flow direction was upward
or downward, depending on the study. A schematic representation of an upward flow column

design is presented in Figure A.1.
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Figure A.1 Upflow column design

Slight differences existed between the three sets of experiments, which were used for the
present statistical analysis. The first serics of SRPB tests (Genty, 2011) was performed in
four 10.7 L. columns. The composition of two SRPB mixtures (#4 and #7), which were tested
in duplicates columns, is given in Table A.1, previously optimized (Genty, 2011). The
porosity was estimated at 0.41, for both columns filled with mixture #4, and at 0.40 and 0.39,
for the duplicate columns filed with mixture #7. Artificial AMD 1 (see Table A.2) was
pumped in upward flow, for 64 days, at an HRT of 5 days (0.6 mL/min).

The second serics of tests (Genty, 2007) was performed using a similar design and sct-up
procedure, but the HRT was set at 10 days. The compositions of the filling mixture (#1) and
of the artificial AMD 2 tested in these columns are presented in Table A.1 and Table A.2,
respectively. Finally, the third serics of tests used three 3.5 L columns filled with the same
filling mixture #1 in triplicate and operated in downward flow at an HR'T of 10 days for the
treatment of the artificial AMD 3 (see Table A.2). More details about this last study are
available in Neculita et al. (2008).

To assess the performance of all the tested columns, influent and effluent were weakly

measured for pH, oxydoreduction potential (called ORP, and Eh if the ORP is comected
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relative to the standard hydrogen electrode), sulphates concentration, acidity, alkalinity, and

metals concentrations.

Table A.1 Composition of SRPB mixtures (%, dry)

Mixture #1 #1 #7

Celullosic wastes

Maple chips 10 5 6

Sawdust 20 10 11
Organic wastes

Chiken manure 10 5 &

Leaf compost 20 10 12
Inoculum

Sediment 15 8 ¥
Inert structural agent

Sand 20 10 50
Nutriment (Nitrogen)

Urea 3 2 3
Neutralizing agent

Calcium carbonate 2 2

Calcite 50

Table A.2 AMD composition (mg/L, except for pH)

Elements AMD]1 AMD2 AMD3

Al 7 7 0

Cd 0.5 1 9.8

Cr 1 2 1

Fe 4000 1600 1066 to 504
Mg 10 100 858

Mn 10 21 10.1

Ni 2 7 13.7

Pb 0.5 1 0.5

SO& 9000 4200 4022

Zn 0.5 2 14.5

pH 35 35 28to 5.7
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A.3 Repeatability evaluation

The aim of statistical analysis performed in the present study was to ascertain whether two
sets of data from two similar column tests set-up and operated as proposed in this study,
come from the same population. The statistical approach is similar to the one detailed in the
work of Demers et al. (2011). The use of student’s t distribution was justified by the
relatively limited available data. To compare two series of data, the “Paired-difference test”
and a two-tailed test at 95% confidence interval were used (Demers et al., 2011). The method
hypothesis was that the difference between the two means () of two series of data from two

columns (1 and 2) was null.

[A-1] Hi—iz=0

The t test notation became:

d

_Sd/\/;

[A-2] t

Where d was the mean of the paired differences, n was the number of paired differences and
54 was the standard deviation of the paired differences. For the calculation of s, the following

cquation was used :

[A-3]

The hypothesis (data come from the same population) was rejected when the t value obtained
with the equation [A-2] was above a pre-determined value (determinated in statistical tables

for a two-tailed test at 95% confidence interval, n-1 was the degree of freedom).
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A.4 Selected results
A.4.1 First experiment set: Genty (2011)

Effluent quality (pH, ORP, alkalinity and total iron concentration) at the exit of duplicate
SRPB columns with mixture #4 and #7 are presented in Figure A.2.

The pH of treated effluent steadily decreased during the first 30 days from values above § to
between approximately 6 and 6.5 and then stabilized, without real difference between
duplicate columns. Consistently, alkalimty values decreased from 11250 mg/I. CaCO3 or
9333 mg/I. CaCO3 to 504 mg/. CaCO3 or 450mg/1. CaCO3, respectively for mixture #4 and
mixture #7. During the same period, Eh increased constantly from negative values (as low as
-120 mV) to 74-75 mV, regardless the mixture or duplicate reactors. Similar trend was
recorded for the evolution of acidity (not presented here) and total iron, which concentration
increased values up to 3500 mg/l. (mixture #4) or to 3200 mg/l. (mixture #7). Standard
deviation of iron concentration (both mixtures) exceeded 1000 mg/L. and indicated relatively
high variability. Finally, sulphate concentrations (not shown in Figure 2) ranged from 6811

mg/L to 10054 mg/L. (for mixture #4) and from 6270 mg/L. to 11837 mg/1. (for mixture #7).

Apparently, results from duplicate columns seemed comparable. However, a simple visual
comparison of the data on effluent quality is not accurate enough to evaluate the repeatability
of the tests and statistical calculations are required. Table A.3 presents results on repeatability

calculation for the two tested columns: mixture #4 and #7.

During the first 64 days, calculated t values were below the t test value (2.45 or 4.3,
depending on the parameter) for a confidence interval of 95%, except for the pH of column
#7, for which the calculated t is very close to the t test value (2.46 vs. 2.45). This statistical
analysis allowed the interpretation that the data could come from the same population, and
thus from almost identical tests. Thercfore, physicochemical parameters such as pH, Eh,
alkalinity, iron and sulphate concentrations were repeatable for the two columns filled with

the same mixture and treating the same AMD quality.
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Figure A.2 Evolution of pH, Eh, alkalinity and iron concentration in treated effluent using

mixtures #4 and #7

Table A.3 T-test statistics for physicochemical parameters for treated effluents using

mixtures #4 and #7

— Standard  Calculated ttest Within 95%

Parameters column Average d  deviation s4 t value  confidence interval
pH #4 0.040 0.43 0.23 245 yes
#7 0.33 0.328 2.46 245 no
Eh #4 40.93 49.30 2.03 2.45 yes
#7 4516 51.83 2.13 245 yes
Alcalimty  #4 912.00 1384.00 1.61 245 yes
#7 1508.43 255537 1.45 245 yes
Total iron  #4 76.74 1124.19 0.17 245 yes
#7 448.76 1724.29 0.64 245 yes
Sulphate #4 178.70 230093 0.11 430 yes

#7 1705.46 3352.52 0.72 4.30 yes
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A.4.2 Second experiment set: Genty (2007)

Figure A.3 presents the main quality parameters of the treated effluent of the two duplicate
columns tested in the second study. The pH values continuously decreased from around 8 to
6.5, at the end of the experiments. However, Eh remained relatively low during the testing
period with valucs between -80 and -130 mV; similar variations were recorded in the two
columns. Iron concentrations decreased from approximately 1600 mg/L. in influent AMD to
values usually below 3 mg/L. in treated water. Duplicate columns showed slightly different
alkalinity, with final values of 1584 and 1676 mg/l. of CaC(;. Small differences were
recorded between values measured at the same sampling time. Similarly to the first study, the

results presented here seem, at least visually, comparable.
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Figure A.3 Evolution of pH, Eh, alkalinity and total iron concentration in treated effluent

using mixture #1
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Table A.4 presents the statistical results for these last two column tests. As it can be seen,
statistical interpretation of the data on pH, Eh, alkalinity, iron concentrations from Genty

(2007) proved that the two column tests were repeatable within 95% confidence interval.

Table A.4 T-test statistics for physicochemical parameters for treated effluent using
mixture #1 (source of original data: Genty, 2007)

Average withip 9%
— Standard ttest confidence
Parameters d deviation calculatedt  value mterval
pH 0.12 0.098 0.38 2.23 yes
Eh 18.02 11.65 0.47 2.23 yes
Alealinity  2.53 535 0.19 2.57 yes
Total iron 428.00 353.18 0.40 2.31 ves

A.4.3 Third experiment set: Neculita et al. (2008)

Table A.5 presents statistical results of column tests performed with mixture #1 and AMD 3
(Neculita et al., 2008).

Table A.5 T-test statistics for physicochemical parameters treated effluent using mixture #1

(source of original data: Neculita et al., 2008)

Columns Avfag ®  Standard t test within 95%

Parameters  tested d deviation calculated t value confidence interval
2and3 018 0.30 0.09 2.02 yes
Jand1 0.19 0.28 0.10 2.02 yes
ORP land2  16.93 18.08 0.14 2.02 yes
Zand3 2318 22.56 0.15 2.02 yes
3and1l 2273 20.09 0.17 2.02 yes
Totaliron 1and2 4449 89.51 0.07 2.02 yes
2and3 5348 75.68 0.11 2.02 yes
3and1l  46.69 94.39 0.07 2.02 yes
Sulphate 1and2 211.93 185.87 0.17 2.02 yes
Zand3 26080 200.03 0.20 2.02 yes

3and1 27386 219.47 0.19 2.02 yes
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Triplicate columns were compared two by two (columns 1 and 2, columns 2 and 3, and
columns 1 and 3) for their repeatability. If each pair of columns was found repeatable, thus
the three columns were repeatable too. Once again, the statistical analysis showed good
repeatability for all selected parameters (pH, ORP, total iron and sulphate concentrations)

with all data within the 95% confidence interval.

A.5 Conclusions

Results from three independent studies, which tested the performance of 9 SRPBs for the
treatment of three qualitics of artificial AMD were compared to evaluate the repeatability of
the experimental procedure. Indeed, numerous factors (like analytical instruments, operator,
sampling, material set up procedure, etc.) could affect the result of an experiment. Statistical
analyses of the treated effluent quality showed good repeatability (within a confidence
interval of 95%) for selected parameters (pH, ORP or Eh, alkalinity, total iron and sulphate
concentrations). Based on these results, duplicate or triplicate column tests are not
systematically required for assessing the performance of passive treatment systems such as
SRPBs, providing that the columns are designed, set-up, and operated with a good

methodology and a rigorous control of the boundary conditions.
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Abstract

Oxidation of sulphide mining waste can generate acid mine drainage that has the potential to
seriously affect the ecosystems. Acid mine drainage is characterised by a high acidity, high
concentrations of sulphates and metals. To reduce environmental impacts of acid mine
drainage, neutralisation using limestone drains is an option proposed in the literature and

used around the world. The present study focuses on the influence of the carbonate rock
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mineralogy and their particle size on the neutralising capacity. The tests were performed in
two different anoxic conditions: in batch reactors, and in columns having a hydraulic
retention time of 15 hours. The results showed that the neutralisation capacity of calcite was
more important than for dolomitic rock, and smaller particle size gave higher alkalinity
production (fine calcite dissolved faster in contact with AMD). A characterization of metal
precipitate in sludge and in limestone coating was performed and demonstrated that gypsum,
lepidocrocite and gocthite were the predominant secondary minerals to be formed. Finally,
this study underlines that anoxic limestone drain cannot be used alone to treat high iron

concentrated acid mine drainage.

Keywords: mine water treatment, acid mine drainage, passive systems, anoxic

limestone drains.
B.1 Introduction

B.1.1 Acid mine drainage formation and treatment with anoxic limestone drains

Mine drainage is the result of water movement through the components of a mine site such as
mine openings, waste rock dumps, low grade ore piles, and tailings impoundments (c.g.
Morin and Hutt, 2001). In absence of a sufficient neutralising potential from the mine waste,
mine drainage can become acidic and is then called acid mine drainage (AMD). The
production of AMD can be described by a series of chemical reactions catalyzed by bacterial
activity (sec the following references for more information on these reactions: Kleinmann et
al., 1981; Blowes and Ptacck, 1994). Brefly, sulphide minecrals oxidize and produce
sulphuric acid that lowers the pH when the neutralization potential of the waste due to
carbonates or silicates is absent or exhausted (Benzaazoua et al., 2004). The low pH of AMD
also increases the solubility of some metals and metalloids that can be found in

concentrations greater than current regulation criteria.

During mining operations, chemical agents are usually used to treat AMD collected from the
mine site (Ritcey, 1989). However, in the context of sustainable development, active
chemical treatment is not usually considered as a wviable option for the long-term

rehabilitation of AMD generating sites. The other water treatment options available are the
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use of passive treatment methods such as biorcactors with sulphate-reducing bacteria (c.g.
Neculita et al., 2007), wetlands (c.g. Skousen and Ziemkiewicz, 2005; Barley et al., 2005),
and oxic and anoxic limestone drains (e.g. Cravotta 2003); this paper focuses on anoxic
limestone drains (ALLD) used to treat highly contaminated AMDs, typical of those found in

many Canadian hard rock mines.

ALD are trenches filled with crushed limestone (or carbonate rock) with a high calcite
content, covered with an impermeable material to ensure top sealing. The stream of
contaminated effluent flows under anoxic conditions into the drain by gravity. The AMD
dissolves the limestone leading to a calcium and bicarbonate release that reduces the acidity,
and increases the pH and alkalinity of the effluent (Hedin et al., 1994; Cravotta and Trahan,
1999; Cravotta, 2003). The anoxic environment in ALD prevents oxidation of dissolved
metals (mainly iron) inside the drain avoiding massive precipitation and drain clogging.
Metal precipitates, such as iron oxyhydroxides, are consequently formed at the exit of the

drain, due to the direct oxidation with oxygen.

B.1.2 Carbonate rocks used in ALD

The most important criteria to select the carbonate rock that constitutes the ALD are the
alkalinity production and the neutralisation rate (Cravotta and Watzlaf, 2002; Cravotta, 2003;
Cravotta et al., 2008). Hence, it is usually assumed that carbonate rock used in ALD must
have the highest unit surface area possible and a high calcium carbonate content (more than
90% according to Watzlaf and Hedin, 1993); unit surface arca depends mainly on particle
size and internal rock porosity (Morse, 1983, suggested that carbonate rock should have a
grain diameter below 5 cm). A high unit surface arca allows a better neutralization of acidity
(Morse and Arvidson, 2002) and a high purity in calcium carbonate induces faster
neutralization rates (Hedin et al., 1994). However, the high purity of the limestone used in
ALD can be detrimental in the long term. Indeed, gypsum precipitates could be formed at the
surface and passivate the calcite (Hammarstrom et al., 2003; Huminicki and Rimstidt, 2008;
Soler et al., 2008). To reduce the influence of this gypsum coating, Huminicki and Rimstidt
(2008) recommend using dolomite to neutralize AMD with a very low pH. Although

dolomite dissolves more slowly than calcite (Herman and White, 1985; Langmuir, 1997; Liu
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et al., 2005), the production of dissolved calcium is less important, and the gypsum formation
is reduced. The most successful ALD tests to neutralize AMD reported in the literature used
calcite (Cravotta et al., 2008). However, Potvin (2009) showed that dolomite can also be used
to neutralize a very acidic AMD.

B.1.3 Objectives and content

Anoxic limestone drains have been applied mainly for the treatment of AMD coming from
coal mines (Hedin et al., 1994; Cravotta and Trahan, 1999; Cravotta, 2003). For this type of
AMD, the existing literature shows that ALD can efficiently treat the contaminated water.
However, there is only few data on the effectiveness of ALD to treat AMD from hard rock
base metal mines, which usually contain higher concentrations of dissolved metals and

sulphate (Aubertin et al., 2002) than AMD from coal mines (Bemier, 20053).

Therefore, the main objective of this paper was to evaluate, at the laboratory scale using
batch and column (dynamic) tests, the lifetime and the capacity of ALD to treat highly
contaminated AMD from hard rock base metal mines. The influence of different parameters
on the performance of ALD was evaluated, namely particle size and mineralogy of the
crushed carbonate rock, and the characteristics of AMD. The effect of coating on the

neutralisation potential of the carbonate rock tested was also investigated.

Moreover, since the recent literature proposes to combine ALDs with other passive systems
like sulphate reducing biofilters and peat biofilters to treat highly contaminated AMD
{(Champagne et al., 2005; Figueroa et al., 2007), the present study provides crucial
information on the potential contribution of ALD in a multi-step passive treatment system as

an alkalinity generating step.

B.2 Methods and Materials

B.2.1 Synthetic AMD solution tested

The tests (batch and columns tests) were carried out using two AMD having characteristics
given in Table B.1. The metallic salts used in the preparation of AMD were dissolved in tap

water. The AMD composition given in Table B.1 is representative of observed concentrations



209

near AMD generating sites located in Quebec and Canada (e.g. Aubertin et al., 2002). The
oxydo-reduction potential of AMD was positive (=500 mV) in both cases. To illustrate the
variability of AMD, a highly contaminated (based on a real case called AMD Lorraine; see
Potvin 2009, for more details) and less contaminated (called AMD Light) AMD were tested.
The AMD Lorraine had a pH of 3.5, a high iron concentration (above 6900 mg/L) and a
sulphate concentration of 15000 mg/L. The AMD Light had a pH of 5.5, an iron

concentration of approximately 1600 mg/L and a sulphate concentration around 4200 mg/L.

Table B.1 Characteristics of the two influent synthetic acid mine drainage solutions (in

mg/L except pH)
Component Used salt AMD Light AMD Lorraine

Al Al (804%,18H,0 7 7

Cd CdS0,4,8H,0 1 1

Cr CrK(504)2,1 2H,O 2 2

Fe FeS0,,7H20 1600 6900
Mg MgS04,7H,0 100 100
Mn MnSO,,H,O 21 21

Ni NiS04,6H,0 7 7

Pb Pb(NO3); 1 1
SO~ NayS0,4,10H,0 4200 15000
Zn ZnS0,,7H,0 2 2

pH HCI/NaOH 1IN 55 35

B.2.2 Batch experiment description

Batch tests are frequently used as a preliminary procedure before the construction of full
scale mine water treatment plant (Bernier, 2005; Lindsay et al., 2008; Robinson-Lora and
Brennan, 2009). This type of test allows determining which materials have the best capacity
to treat a given AMD (Neculita and Zagury, 2008).

The experimental protocol used in this study was adapted from the one proposed by Bernier
(20035). The main objective of this experiment was to compare the neutralizing potential of
the different carbonate rocks and to observe the influence of particle size in batch tests. Each
reactor consisted of a 1.5 L glass jar filled with AMD and the neutralizing material (calcite or

dolomite). The reactor was hermetically sealed with a rubber seal and a top cap in order to
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maintain an anacrobic environment. The targeted liquid to solid ratio was 0.4. The first batch
test serics were performed during 150 hours (=6 days) under static anoxic conditions with
AMD Lorraineg to determine the time needed to reach a nearly constant pH. During this test,
only the pH was measured. For the second series of batch test (41 h), the anaerobic
environment was maintained for a period of 15 hours, which corresponds to an optimal
hydraulic residence time (HR'T) for ALDs (e.g. Hedin et al., 1994). After this period, the
treated water was transferred into a open recipient to allow the contact with oxygen and to
promote the precipitation of iron hydroxides and gypsum. Parameters such as pH, alkalinity,
metals and sulphate concentrations were monitored throughout the entire testing period of 41
hours (at 0, 7, 15, 22, and 41 h). The last batch test series were made with coated carbonate
rocks coming from column tests after dismantling (see section 2.3.); these tests were
performed to quantify the effect of coating on the neutralization capacity of carbonate rocks.
The operating conditions were the same as described previously (15 hours of anoxia with

AMD Lorraine).

B.2.3 Column tests description

Column tests can provide information on the efficiency of treatment in a long term period and
simulate more representative environmental conditions (compared to batch tests) that should
be closer to a full scale plant (Neculita et al., 2008; Robinson-Lora and Brennan, 2009). Five
Plexiglas columns of 14 cm diameter and 70 cm height (10.7 L) were filled with the four
carbonate rocks described in Table B.2; one column (filled with calcite coarse) was run as a
duplicate. According to the volume of liquid used to fill the columns, the porositics of the
different columns was estimated to be 0.42 for the column with the fine calcite, 0.56 for
columns with the calcite intermediate and coarse, and 0.53 for the column filled with the
dolomite intermediate. Columns were fed from the bottom with AMD solution to allow
constant anoxic conditions. A perforated plastic plate covered with a geotextile was placed at
the bottom of the column to uniformly feed the column. The water upflow was set at 6
mL/min to ensure a hydraulic residence time in the column of approximately 15 h. The flow
was controlled by a peristaltic pump and was monitored on a daily basis. At the exit of the
column, the effluent was aerated with compressed air before being sent to a clarifier tank.

These steps had approximately a hydraulic retention time of 2 hours for aeration and 27 hours
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for clarification. As mentioned carlier, the last two stages were implemented to remove iron
present in the effluent using the oxidation of ferrous iron to ferric iron, which then precipitate
as iron hydroxides. Parameters such as pH, alkalinity, metals and sulphate concentrations
were measured at the exit of the column and in the clarifier. A schematic representation of the
sctup is presented in Figure B.1. To assess the role of AMD characteristics on treatment

efficiency, AMD Light and AMD Lorraine were used sequentially for one month on the same

material.
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Figure B.1 Schematic diagram of the column laboratory setup (dimensions are not to scale)
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Table B.2 Characteristics of carbonate rock used in the different columns (*column 3 and 4

are duplicates). Method Detection Limit (MDL) is 1% for XRD quantification

Calcite Dolomite

Type Fine Intermediate Coarse  Intermediate
Mineral composition by XRD

Calcite (wt%) 95 95 95 <MDL

Dolomite (wt%) 0 <MDL <MDL 75

Quartz (wt%) 2.5 2.5 2.5 15

Homblende (wt%o) 2.5 2.5 2.5 0

Muscovite (wt%) <MDIL  <MDL <MDL 9

Kutnahorite (wt%) <MDL  <MDL <MDL 0.5

Magnesite (wt%) <MDL  <MDL <MDL 0.5
Element abundance by ICP-AES

Ca (wt%) 35 35 35 16.5

Mg (wt%) 0.5 0.5 0.5 8.7

Al (wt%) 0.01 0.01 0.01 0.9

Mn (wt%) 0.006 0.006 0.006 0.038

Fe (wt%) 0.07 0.07 0.07 0.7

S (wt%) 0.5 0.5 0.5 0.03
Physical characteristics

Particle size minimum (cm) 0.03 0.8 1.3 0.8

Particle size maximum (cm) 0.8 1.9 3R 1.9

Relative density of solid grain 272 2.67 2.69 2.54

Estimated umt surface area 3283 224 120 312

(m*m?)

Estimated umt surface area

(cm¥g) 12.07 0.84 0.45 1.23
Column characteristics

Number 1 2 3,4%* 5

Porosity 0.42 0.53 0.56 0.53

Carbonate rock mass (kg) 16.76 15.50 14.89 1513

B.2.4 Sampling and analytical method for water quality evaluation

Water samples were taken twice a week at the exit of columns and clarifiers. Samples were
analysed for pH, alkalinity and dissolved metals. The pH was measured with an Orion Triode
sensor coupled with a Benchtop pH/ISE Meter Orion model 920 (relative precision +/- 0.01).
The alkalinity concentration was obtained by titration with sulphuric acid 0.02N (precision of
1 mg CaCOy/L) (APHA, 1995). Filtered water samples sent to the chemical analysis were

preserved with 2% volume of nitric acid at 70% (w/w) before analysis; metal concentrations
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were evaluated with Inductively Coupled Plasma-Atomic Emission Spectrometry (ICP-AES)
technique using a Perkin Elmer OPTIMA 3100 RL (relative precision of 5%).

B.2.5 Sampling and characterisation of solids

An X-ray diffractometer (XRD; Bruker axs D8 ADVANCE) was used to characterize the
mineralogy of solid samples. The instrument is equipped with a Cu anticathode and
scintillation counter. Data treatment was done using Bruker axs EVA and TOPAS software
packages. The proportion of minerals was estimated by the Rietveld method (precision of
0.5%). This method uses a least squares approach to refine a theoretical line profile until it
matches the measured profile. At the end of the column experiments, coatings from carbonate
rock were collected by scraping off the rocks. Recovered materials were then air-dried for
one week at 35°C. Collected sludge from cach clarifier was also air dried for the same period.

Dry samples of the coating and the sludge were crushed to 10 pm before XRD analysis.

However, because the coating and the sludge could be constituted of amorphous minerals, a
thermogravimetric analysis (TGA) coupled with a differential scanning calorimetric analysis
(DSC) was also performed on both materials using a SDT Q600 TA. This equipment allows
simultaneous registry of weight loss and heat flow along thermal treatment. Thermal
behaviours were registered in an inert nitrogen atmosphere at a rate of 10°C/min from
ambient temperature up to 600°C, and then to 1020°C at 20°C/minute. Tests were performed
with approximately 35 mg of material placed in a 90 pl alumina cup and covered by an
alumina lid. The thermal behaviour of a given material is directly related to his mineralogy

(e.g. Prasad et al., 2006).

A Hitachi 3500-N scanning eclectron microscope (SEM) was used to characterize the
microstructure and texture of coating samples. The main characteristics of the SEM-EDS
during measurements on coatings were: voltage of 20 keV; amperage of 140 A; pressure of

approximately 25 Pa; and work distance of 15 mm.

To determine the samples chemistry, solids were digested in HNOs, Br, , HCL, and HF. Then,
the liquid resulting from this treatment was analysed for metal by ICP-AES (relative

precision of 5%).
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Finally, saturation indices of the main secondary minerals that could influence the water
quality at the exit of the columns and clarifiers were calculated using Vminteq version 3.
Vminteq is a chemical equilibrium model used to calculate metal speciation and solubility
equilibriums. It is probably the most widespread model for these purposes today, and it is
renowned for its stability (K'TH, 2010).

B.2.6 Carbonate rock characteristics

Calcitic marble (called calcite hereinafter) used in this study comes from the quarty of Perth,
Ontario (Canada), while the dolomitic rock (called dolomite) comes from the Témiscamingue
region in Quebec (Canada). This dolomitic rock contains some detrital silicated minerals. The
main characteristics of the two type of carbonate rock are given in Table B.2. Particle size
distribution was determined using different sicve sizes (sec Figure B.2). The particle size
analysis shows that dolomite intermediate and Calcite intermediate were relatively similar in
term of grain size distribution (minimum and maximum particle size between 0.8 and 1.9
cm). This similarity was useful to compare the influence of the rock source towards treatment
efficiencies. The calcite fine and calcite coarse had minimum and maximum particle sizes
between 0.03 and 0.8 cm, and 1.3 and 3.8 cm respectively. The XRD analysis showed that
the calcite used was 95% pure in CaCOs;, and contained a small proportion of quartz and
hornblende. Dolomitic rock was mainly 75% composed of dolomite (CaMg(COs),), with
15% of quartz (510;) and 9% of muscovite. Identified gangue minerals (quartz, hornblende
and muscovite) were considered inert with respect to AMD neutralization. The elemental
abundance showed that calcite contains approximately 35% of calcium and that dolomite

contains 16.5% of calcium and 8.7% of magnesium.
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Figure B.2 Particle size distribution of materials

The unit surface aresa.4, can be determined using the distribution of particles size of

carbonate rocks and the porosity n, (1, = V, / Vi ; V, is the void volume and J; the total

volume).

The parameter 4, (m’/m’ orm™) can be approximated with equation [B-1] (Monoret, 2001):

6
[B-1] As=(1—np)'jd—'f(dp)'ddp
0

D

with d, the diameter of a particle (m) and f(d,) the frequency of the diameter d,

observed in the particle size distribution (adimensional). Equation [B-1] can be simplified
into equation [B-2] considering the diameter of two consecutive sieves and disregarding the

residual part (Monoret, 2001):

:(l_np).zn 12 m,

d, +d) M

i+1

B-2 A
[B-2] 5 T
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with the following parameters : d

., and d, the diameter of two consecutive sieves (m), ['a

form factor (adimensional), m, mass of carbonate rock in the sieve i (g), M total mass of

carbonate rock (g), and » the number of sieve.

According to Monoret (2001), the form factor for gravel could be approximated to 0.8. The
estimation of the unit surface area by equation [B-2] gave the following results : 3283 m*/m’
for calcite fine (or 12.07 cm’/kg considering a measured relative density of 2.71), 224 m*/m’
(or 0.84 cm’/kg considering a measured relative density of 2.66) for calcite intermediate, 120
m’*/m’ (or 0.45 cm’/kg considering a relative measured density of 2.69) for calcite coarse and
312 m%m’ (or 1.23 cm*/kg considering a measured relative density of 2.54) for dolomite

intermediate. Other approaches could have been used to estimate.4, (e.g. Chapuis and

Iégaré, 1992) but equation [B-2] was considered adequate in this study.
B.2.7 Carbonate rock dissolution model

Carbonate rock dissolution rate is an important data to assess the lifetime of an ALD. This
kinetic data allows determining the carbonate rock weight loss with time, which is recognized
as a better parameter than the alkalinity production rate to evaluate the performance of an
ALD. Indeed, alkalinity can not be determined if the pH is below 4.5 and most of the time,
calcium concentration is measured more accurately than alkalinity (Cravotta and Watzlaf,
2002).

Cravotta and Watzlaf (2002) propose to evaluate the dissolution kinetic constant assuming

that the flow rate is constant between two measurements of calcium concentration in the

effluent and influent of ALD. Therefore, the mass flux of dissolved carbonate rock .J ,co, in

mol/day can be approximated by the following equation considering that 1 mol of dissolved

carbonate is equal to 1 mol of calcium in water:

[B-3] J e, = Q- ([Cal, —[Ca])
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with O in L/day, [CaL the calcium concentration in mol/L in the effluent and [Cal. the

calcium concentration in mol/L in the influent. Equation [B-3] allows estimating the daily

carbonate rock mass loss.

In order to determine the kinetic constant for the carbonate rock dissolution, it is often
assumed that a first order equation appropriately represents adequately the phenomenon

(Cravotta and Watzlaf, 2002; Cravotta, 2003; Mukhopadhyay ct al., 2007):

dM
[B-4] DM i
dt
with Af the carbonate rock weight and & the kinetic constant. The integration of equation

[B-4] gives:
[B-5] M(1) = Moe™

with M, ¢t) the carbonate rock weight at the time ¢ and A/, the initial carbonate rock weight.
Then, the kinetic constant k is determined by plotting the logarithm of A/ / A1, versus time.
Kinctic constant values are valid for a given carbonate rock, hydraulic retention time,

temperature, and pressure.
B.2.8 Statistical validity of results

The aim of statistical analysis performed in the present section was to ascertain whether two
scts of data from two similar column tests (columns 3 and 4) come from the same population.
The statistical approach is similar to the one detailed in the work of Demers ¢t al. (2011). The
use of student’s t distribution was justified by the relatively limited available data. To
compare two series of data, the “Paired-difference test” as a two-tailed test at 95% confidence
interval was used (Demers et al., 2011). The method hypothesis was that the difference

between the two means of two series of data from two columns was null.

The t test notation became:
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t= g
[B-6] s/4n

where 9 was the mean of the paired differences, n was the number of paired differences and
84 was the standard deviation of the paired differences. The hypothesis (data come from the
same population) was rejected when the t value obtained with the equation [B-6] was above a
pre-determined value (determined in statistical tables for a two-tailed test at 95% confidence
interval, n-1 was the degree of freedom). Statistical analyses were performed on alkalinity
concentration at the exit of the columns since this parameter is considered representative of
carbonate rocks dissolution. Then, the Fischer-Snedecor (Mendelhall and Beaver, 1994) was
used to compare calcite and dolomite columns (columns 2 and 5). Result were statically
different if the ratio between the variance of alkalinity in column 3 and the variance of

alkalinity in column 5 was higher than a predetermined value F, %

(function of a the degree
of freedom of alkalinity in column 3, b the degree of freedom of alkalinity in column 5, and

for a confidence interval of 95%) which can be found in statistical table.
B.3 Results
B.3.1 Batch tests

Figure B.3 presents the evolution of AMD Lorraine’s pH after contact with the four types of
carbonate rock during 150 hours (anaerobic conditions). The pH after 15 hours of anaerobic
conditions reached 6.0 for calcite fine, 5.8 for calcite intermediate, 5.7 for calcite coarse, and
5.5 for dolomite intermediate. Between 15 and 150 hours, the pH did not evolve significantly.
Hence, the value of 15 hours recommended in the literature (Hedin et al., 1994) as the

optimal hydraulic residence time is in agreement with results obtained in the present study.
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Figure B.3 pH evolution for treatment of AMD Lorraing for an anoxia period of 150 h

for the batch test

The main results of the second series of batch tests, which include an aerobic period,
performed with the different carbonate rocks and the two AMDs are presented in Figure B.4
and Figure B.5. With the AMD Lorraine (Figure B.4a), there was a rapid increase in pH
during the first seven hours of anoxic conditions (from 3.3 to 5.6 for all calcite materials, and
from 3.3 to 5.4 for the dolomite). Then, during the next eight hours, a difference in the
neutralisation potentials between each calcite was observed, the water quality of the jar filled
with calcite fine reached a pH of 6 while the jars filled with the calcite intermediate and
calcite coarse reached a pH of 5.8 and 5.7 respectively. For the jar filled with dolomite, the
pH reached 3.5 at the end of anoxic period (15 hours). After 40 hours of treatment (with 25
hours of aecrobic treatment), the pH decreased to 5.1 for calcite fine, to 4.4 for calcite
intermediate and coarse, and to 4.0 for dolomite intermediate. Afier 15 hours of anaerobic
conditions (for the AMD Lorraine), the alkalinity (Figure B.4b) increased from 0 to 200
mg/L CaCQ, for the calcite fine, from 0 to 160 mg/L CaCOs for the calcite intermediate, from
0 to 140 mg/L CaCO; for the calcite coarse, and from 0 to 20 mg/L. CaCO; for the dolomite

intermediate.
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Figure B.4 Chemical parameters measured in batch test experiments for AMD Lorraing,
(a) pH evolution and (b) alkalinity concentration (in mg/L. CaCQO,) at the final time of anoxia

t=15 hours (initial alkalinity was below method detection limit of 1 mg/I. CaCQ; in AMD)

For the AMD Light, the effluent pH (Figure B.5a) increased during the anoxic period from
5.6 to 6.2 for the calcite fine jar, to 6.0 for the calcite intermediate jar, to 5.9 for the calcite
coarse jar, and to 5.7 for the dolomite intermediate jar. A pH decrease was observed after 15
hours (which corresponds to the beginning of the aerobic conditions). After 40 hours of
treatment, the pH dropped to a value of 4.9 for calcite fine, of 4.7 for calcite intermediate and
coarse, and to 4.6 for dolomite intermediate. The pH decrease was mainly attributed to the
hydrolysis of metal and precipitation of iron hydroxide. These results confirmed that the
neutralizing potential is higher for calcite than for dolomite. In addition, the finer the calcite
particles were, the better was the neutralisation. For alkalinity (see Figure B.5b), a similar

trend to the one of the AMD Lorraine was observed, but with lower alkalinity values:



221

between 140 and 40 mg/l CaCO; for the three calcites, and 20 mg/1 CaCO; for the dolomite
intermediate. These results confirm that a higher production of alkalinity is obtained with fine
carbonate rocks, and that dolomite does not generate alkalinity as much as calcite when

exposed to a less contaminated AMD (AMD Light).
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Figure B.5 Chemical parameters measured in batch test experiments for AMD Light, (a)
pH evolution and (b) alkalinity concentration (in mg/I. CaC(Os) at the initial time t=0 and

final time of anoxia t= 15 hours
B.3.2 Columns tests

B.3.2.1 AMD Lorraine treatment

During the column tests, the dolomite could only increase the pH up to a value of 5.2. The pH

increased to values up to 5.6, 5.8 and 6 for calcite coarse, calcite intermediate and calcite fine
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respectively (Figure B.6a). These results also confirmed the impact of limestone grain size on
the neutralizing capacity (the finer the calcite, the higher is the pH increase). They also
showed the higher neutralizing potential of calcite compared to dolomitic rock. Moreover, the
results in columns 3 and 4 (duplicate columns) indicated that the experiments were
reproducible. Indeed, statistical results showed that the alkalinity concentration came from
the same population for the two duplicate (t = 0.71, the theoretical values of t was found at
2.44 for a confidence interval of 95% and a degree of freedom of 6). The alkalinity at the
columns’ exit ranged between 212 and 346 mg/L CaCQO, for the calcite fine, 124 and 280
mg/L. CaCO, for the calcite intermediate, 56 and 100 mg/I. CaCO; for the calcite coarse, and
26 and 50 mg/L. CaCQO, for the dolomite intermediate (Figure B.6b). As observed in batch
tests, the production of alkalinity was higher for calcite than for dolomite, and fine calcite

particles generated more alkalinity due to their higher unit surface arca.

Results of pH evolution in the clarifier showed that the pH dropped to a value usually
between 3 and 3.7 for all columns. This pH drop results from the precipitation of metals
which acidified water by metal (iron mainly) hydrolysis. As a result, at the end of the
treatment, the pH was comparable to the pH of the initial AMD (pH of approximately 3).
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Figure B.6 Chemical parameters measured in column test experiments for AMD
Lorraine: (a) pH (b) alkalinity concentration (in mg/L CaCQs). Columns 1, 2, 3, 4, and 5 are
filled respectively by calcite fine, calcite intermediate, calcite coarse, calcite coarse
(duplicata), and dolomite intermediate. Clarifiers 1 to 5 are linked respectively to columns 1

to 5

B.3.2.2 AMD Light treatment

The pH in the column filled with the calcite fine increased from 5.5 to a maximum of 6.5
while calcite intermediate increased the pH up to a maximum of 6.4, calcite coarse to 6.3 and
dolomite intermediate to 6 (Figure B.7a). The pH of columns 3 and 4 (duplicate columns)

gave similar results and confirmed that the experiments were reproducible. The pH in cach
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clarifier varied from 3.7 to 4.8 whatever the type of carbonate rock; these values were lower
than the initial AMD pH. AMD Light was prepared on a weekly basis and adjusted to pH 5.5.
However, pH varied and decreased with time due to iron hydrolysis. The same observation
was made by Neculita et al. (2008). The alkalinity reached a maximum concentration of 62
mg CaCO/L for calcite fine, 50 mg CaCOs/L for calcite intermediate, 48 mg CaCO,/L for
calcite coarse and 24 mg CaCOs/L for dolomite intermediate (Figure B.7b). Hence, the
difference between cach column towards the alkalinity production was less significant for
AMD Light than for AMD Lorraine for calcite, but the difference between calcite and
dolomitic rock stayed observable. In the case of AMD Light, the impact of particle size and

carbonate rock mineralogy seemed to be less important than with AMD Lorraine.
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Figure B.7 Chemical parameters measured in column test experiments for AMD Light:
(a) pH (b) alkalinity concentration (in mg/L. CaCOs). Columns 1, 2, 3, 4, and 5 are filled
respectively by calcite fine, calcite intermediate, calcite coarse, calcite coarse (duplicata) and

dolomite intermediate. Clarifiers 1 to 5 are linked respectively to columns 1 to 5

B.4 Results interpretation and discussion

B.4.1 Calcite and dolomite dissolution

Calcitic marble and dolomitic rock had not the same dissolution response toward AMD

because alkalinity generation depends on the columns and on the AMD quality. This can be
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observed in Figure B.6 to B.7, and is confirmed by statistical results that showed that
alkalinity concentration at the exit of calcite intermediate and dolomite intermediate columns
were significantly different. More specifically, the ratio between the vanance of alkalinity in
column 3 and the variance of alkalinity in column 5 (19.9) was greater than the theoretical

0.05

values (F;; —~ = 3.8) for a confidence interval of 95% and two degrees of freedom of 7.
Calcium concentration (in average) for AMD Light increased up to 181 mg/L for calcite fine,
114 mg/L for calcite intermediate, 91 mg/L for calcite coarse, 62 mg/L for dolomite
intermediate. For AMD Lorraine, calcium concentration reached 324 mg/L for calcite fine,
285 mg/L for calcite intermediate, 265 mg/L for calcite coarse, and 149 mg/L for dolomite
intermediate (results not shown). Figure B.8 represents the carbonate rock mass loss in cach
column during the experiment at 21°C. To calculate the carbonate rock mass loss, the
following hypotheses were made: based on VMinteq modelling, precipitation of calcium as
gypsum in ALD systems was considered negligible compared to the calcium dissolved (one
mol of calcium in solution was equal to onc mol of carbonate rock dissolved); and Ca
concentration and water flow were stable between two measurements. A significant slope
change at 57000 minutes (950 hours) was observed corresponding to the change of AMD
treated, from AMD Light to AMD Lorraine. Whatever the type of carbonate rock or AMD,

the curves were nearly linear and particle size did not seem to influence the dissolution rate.

However, as suggested in the literature, the weight decrease could be also approximated by
cquation [B-5] (see in section 2.7) which is an exponential correlation with a first order

kinetic (Mukhopadhyay et al., 2007).
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Figure B.8 Carbonate rock weight as a function of time. The calculation is based on the
calcium concentration at the column exit (hypothesis: the number of moles of calcium at the
column exit corresponds to the number of moles of dissolved carbonate rock). Continuous
black lines represent the prediction of weight 1oss using equation 5 and kinetic constants

given in section B.4.1

The kinetic constants & for AMD Light was 0.060 v for calcite fine, 0.054 vy for calcite
intermediate, 0.050 y™ for calcite coarse and 0.048 y"' for dolomite intermediate (with a
correlation between experimental determination of carbonate rock mass and the first order
kinetic model of R*=0.99 for all tested materials). For AMD Lorraine, the & values were: 0.26
v for calcite fine, 0.27 y" for calcite intermediate, 0.25 v for calcite coarse and 0.24 y" for
dolomite intermediate (with a correlation of R*=0.98). Kinetic constant values determined by
cquation |B-5] showed the important role of particle size on the dissolution rate since smaller
particles had higher kinetic constants. Values obtained in this experiment were in agreement
with other values found in the literature. For example, Mukhopadhyay et al. (2007) show that
carbonate rock dissolution can be approximated by a first order reaction and that the kinetic
constant varies around 0.42 v' and Cravotta and Watzlaf (2002) found values between

0.044 y"' and 0.13 y" for a number of ALDs.

Then, considering the previous values of £, it was possible to express the following order for
the carbonate rock dissolution: calcite fine > calcite intermediate > calcite coarse; Perth

calcitic marble > Témiscamingue dolomitic rock (for a similar particle size); Carbonate rock
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dissolution in AMD Lorraine > carbonate rock dissolution in AMD Light. These previous
conclusions are in accordance with the literature (e.g. Stumm and Morgan 1996; Langmuir
1997; Morse and Arvidson 2002; Hosten and Gulsun 2004; Liu et al. 2005; Potgicter ¢t al.
2006).

Using equation [B-5], the carbonate rock weight lost with time in cach column for both AMD
was calculated. Calcite fine, intermediate and coarse, and dolomite intermediate would be
totally dissolved (weight lost greater than 99%) after approximately 17.7, 17, 18.4, 19.2 vears
respectively with AMD Lorraine and after approximately 76.7, 85.3, 92.1, 95.9 vears
respectively with AMD Light.

B.4.2 Relation between carbonate rock dissolution and unit surface area

Results presented in the previous section showed that whatever the AMD, the finer the
calcite, the better was the neutralization. This property to generate more alkalinity is
essentially due to the higher unit surface area. Calcite fine had the highest unit surface area
(approximately 3282 m’/m’ or 12.07 cm’/g) while calcite intermediate and calcite coarse had
respectively a unit surface area of 224 m*m? (0.84 cm?/g) and 120 m*/m* (0.45 cm®/g). The
dissolution of carbonate rock is governed by physicochemical surface phenomena such as
diffusion, adsorption, and rcaction of rcagents to the surface of the solid (Morse and
Arvidson, 2002). Thus, the dissolution rate of carbonate rock is greatly influenced by the unit
surface area. Figure B.9 presents the daily alkalinity generated for the different columns and
for the two AMDs. The influence of the unit surface arca on the alkalinity production was
more significant for the more acidic AMD. In this case, the finer calcite produced 2000
mg/day of alkalinity while the coarser calcite produced 650 mg/day of alkalinity. For AMD
Light, the influence of unit surface area on alkalinity production was less significant. Indeed,
the alkalinity production rate varied between 400 (for the calcite fine) and 200 mg

CaCOs/day (for the calcite intermediate and coarse).
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The reactivity of carbonate rock was also a function of the AMD type and particularly of the
AMI>Ys pH. For a similar particle size, and thus for a similar unit surface area, the
neutralizing potential was higher for calcite than for dolomite. Figure B.9 shows that calcite
intermediate produced, in the case of AMD Lorraine, 1463 mg CaCOy/day, while dolomite
produced 317 mg CaCOs/day (which corresponds to a ratio of 4.6). Stumm and Morgan
(1996) show also that dissolution constant of calcite is higher than dolomite. It was also
interesting to note that for AMD Light, the difference between the alkalinity produced by
dolomite and calcite was less important than for the highly contaminated AMD Lorraine. The
alkalinity produced by calcite intermediate was 221 mg CaCOy/day while the one produced
by dolomite intermediate was 105 mg CaCO,/day (which corresponds to a ratio of 2.1).

B.4.3 Treatment of metals in ALD

ALD is usually used to treat AMD with low concentration of metals (Hedin et al., 1994). In
the context of AMD from hard rock mines typically found in Canada, AMD contains high
concentration of dissolved metals, which is typically treated through active lime treatment
(Ritcey, 1989). Removal of metals contained in AMD was also assessed during the column

tests. Results indicated that only lead, chromium, and aluminium were removed during AMD
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treatment. The possible mechanisms of Pb and Cr removal could be sorption onto iron
oxyhydroxides of the coating. Indeed, Voges et al. (2001) and Geng-Fuhrman ct al. (2008)
observed Pb and Cr sorption onto iron oxyhydroxides. Thermodynamic modeling using
VMinteq v.2.53 showed that aluminium could be removed by precipitation as hydroxides.
For the other metals (Fe, Zn, Mg, Mn, Ni, Cd), the acidic pH in the clarifier did not allow an
effective precipitation. Only magnesium concentration increased in the last column due to the
dissolution of dolomite. These observations confirmed that ALD should not be used alone to

treat AMD with high dissolved metal concentrations.

After columns tests, precipitated sludge in each clarifier was collected for analysis. The XRD
analysis identified the main sludge minerals: 8% of gypsum, 8% of lepidocrocite, and 84% of
goethite. In addition, the thermal analysis by TGA-DSC confirmed the precipitation of
secondary minerals by goethite dewatering at 250°C (Prasad et al., 2006). The precipitation of
iron hydroxide was also confirmed by thermodynamic modeling. The saturation indices of
goethite and lepidocrocite were both positive (ranging from 2 to 4) for all carbonate rocks
studied. However, the thermodynamic modelling results (using the water quality in the
clarifier) were not in agreement with the precipitation of gypsum (negative gypsum saturation
index). In fact, gypsum formation was observed only at the interface between water and air.
The evapo-concentration at this interface could explain gypsum precipitation. In summary,
even if iron concentration did not significantly decrease in the ALD, some iron precipitated

as sludge in clarifiers and as coating on carbonate rock grains.
B.4.4 Effect of particle coating on neutralization processes

Batch tests, similar to those presented in section 2.1, were performed to compare the
reactivity of coated and uncoated material on the neutralization of AMD. The coated
carbonate rocks came from cach column used previously, after dismantling. The pH
increased from an average of 3.2 at the beginning of the batch test to an average of 6 for
calcite and 5.7 for dolomite after 15 hours for coated carbonate rocks. The comparison of pH
results between the coated and uncoated materials showed that there was no significant

change after 110 pore volumes (the test corresponded to two months or 110 pore volumes
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including the treatment of AMD Light and Lorraine in column tests). Alkalinity values were

similar for coated and fresh material, for both calcite and dolomite.

Coating of carbonate rock is a local precipitation phenomenon at the water-rock interface due
to the acid neutralization process and alkalinity production (Santomartino and Webb, 2007).
Figurc B.10a and Figure B.10b presents images for coated calcite and dolomite obtained by
SEM on a polished section (carbonate rocks are cut transversely and polished to allow
coating descriptions). BSE images indicated that the coating was porous and thus did not
really affect the alkalinity production or acidity neutralization for the tested period; similar
observations were reported by Santomartino and Webb (2007). The porosity of coating was
approximated by SEM picture analysis (pixels count on height pictures) to 45% for dolomite
and 24% for calcite. Hence, calcite seemed to coat more easily than dolomite. This
hypothesis is also suggested by many authors (e.g. Hedin et al., 1994; Booth et al., 1997;
Hammarstrom et al., 2003; Huminicki and Rimstidt, 2008; Soler et al., 2008) who suggest
that carbonate rock coating (due to metal hydroxide and gypsum precipitation within the
drain) influence the reactivity in ALD systems. However, reactivity of carbonate rocks is not

affected in the presented batch test conditions probably due to the porosity of coating.

Figure B.10a and Figure B.10b also show X-mapping of the main chemical clements
observed on calcite and dolomite using the EDS technique. The X-mapping and
corresponding EDS analysis indicated that the coating was mainly composed of iron oxides
in both cases (calcite and dolomite), but there was also aluminium within the calcite coating,.
Calcium originates from the local gypsum precipitation and the aluminium presence could be
explained by the precipitation of aluminium hydroxides like gibbsite during the neutralisation

process (Santomartino and Webb, 2007).

XRD analyses of the precipitates (extracted by shaking coated carbonate rock between two
sicves) showed the presence of iron hydroxide and gvpsum. More precisely, a goethite
proportion of 7%, 8%, 38%, 50% were obtained for calcite fine, intermediate, coarse, and for
dolomite intermediate respectively. A lepidocrocite proportion of 4% was cstimated for
calcite fine, 2% for calcite intermediate, 6% for calcite coarse, 6% for dolomite intermediate.

Higher gypsum concentrations were estimated by XRD analysis on coating fragments: 8§9%
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for calcite fine, 90% for calcite intermediate, 56% for calcite coarse, and 44% for dolomite
intermediate. Morcover, the thermal analysis by TGA-DSC confirmed the formation of
gvpsum by a weight loss peak at 125°C corresponding to the gypsum dewatering (Dweck et
al.,, 2000). Geochemical modelling using VMinteq suggested that the conditions were
favourable for the precipitation of gocthite and lepidocrocite for all cases. Gypsum was close

to equilibrium with a saturation index slightly lower than Q.
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Figure B.10 SEM images of a cross section of coating and elemental maps (voltage of 20
keV, amperage of 140 A, pressure around 25 kPa, and work distance of 15 mm): (a) calcite

grain and (b) dolomite grain
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In agreement with the findings reported in the literature (e.g. Hammarstrom et al., 2003;
Huminicki and Rimstidt, 2008; Soler ¢t al., 2008), results obtained in this study confirmed

that the use of dolomite can attenuate the risk of carbonate coating by gypsum.

B.4.5 AL D design considerations

Selection of an appropriate carbonate rock to treat AMD is a critical step for ALLDs design. In
this study, different particle sizes of carbonate and different mineralogy were tested to find
the most efficient system. As seen in the previous section, the smaller the particle size, the
grcater was the alkalinity production. However, the coating contained more gypsum with fine
particles of calcite than for coarse calcite. Although the coating did not affect the
neutralisation performance during the present experiment, numerous authors suggest that
coating, and particularly gypsum precipitation, may affect the treatment performance and
could clog the system (Hedin et al., 1994, Booth et al., 1997; Hammarstrom et al., 2003;
Huminicki and Rimstidt, 2008; Soler et al., 2008). Other carbonate rocks like dolomite could
be used to neuwtralize AMD. Although the kinetics of dolomite dissolution was lower, the pH
of highly contaminated AMD (AMD Light and Lorraine) was increased from 3.5 to 5.5 fora
15 hours retention time. Morcover, the alkalinity produced by dolomite was in the same order
of magnitude than calcite for the AMD Light. These results suggest that anoxic dolomitic
drains could be a viable alternative to anoxic calcite drains to neutralize a slightly

contaminated AMD.

ALD using calcite or dolomite could not remove metals from a very contaminated AMD (sce
section 4.3). To respect governmental guidelines for mine water, ALD used alone is not an
option. Some authors (e.g. Champagne et al., 2005, Figueroa et al., 2007), proposed a
combination of ALD and sulphate reducing bacteria biofilters to treat AMD. Considering that
sulphate reducing bacteria thrive at a pH near 5 (Neculita et al., 2007), Figueroa et al. (2007)
propose to use ALD to increase the pH before the freatment in sulphate reducing bacteria
biofilters. For the AMD tested in this study, dolomite or calcite could be used in ALDs before
biofilters since both were able to incrcase the pH ncar 5. Consequently, the choice of

carbonate rock would be mainly driven by the local availability of the material.
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B.5 Conclusion

The role of an anoxic carbonate rock drain (ALD) aims mainly at increasing the pH and
producing alkalinity. Results from batch and columns tests confirmed the capacity of the
tested ALLDs to do so. The AMD was neutralized to a pH between 5.5 and 6 whatever the
type of carbonate rock used. Furthermore, all selected carbonate rocks were able to produce
alkalinity, but at different rates. Calcite generated more alkalinity than dolomite for a similar
grain size; the difference was more pronounced when a highly acidic AMD was treated. The
grain size also significantly influenced the rate of alkalimty production. The finer the
carbonate rock, the greater was the alkalinity production. Again, the influence of grain size
on the alkalinity produced was a function of the acidity of the AMD to be treated. The impact
of grain size was more significant for the highly contaminated (Lorraine) AMD than for
AMD Light.

Results of this study demonstrated the importance of the carbonate rock source in an efficient
ALD. Indeed, mineralogical and particle size properties played an important role in the
neutralisation of AMD. A carbonate rock with a fine particle size tended to dissolve more
rapidly than a coarser carbonate rock, so the lifctime of the drain would be shortened. The
calcitic marble would also be more reactive than dolomitic rock for the same particle size.
Hence, particle size of the carbonate rock was a critical parameter for the design of an ALD
since it governs water flow (or the hydraulic retention time) and neutralisation capacity of the
system. In our study, coatings formed in the drains {(goethite, lepidochrocite and gypsum) did
not seem to affect carbonate rock reactivity. Indeed, the alkalinity production rate with coated

carbonate rocks was relatively similar to those obtained with fresh carbonate rocks.

It is worth mentioning that an ALD alone cannot successfully treat metal from a highly
contaminated AMD that has a low pH and contains high concentrations of dissolved metals.
A one step treatment in ALD was not efficient to significantly decrease the pollution of high
iron concentrated AMD as AMD (Lorraine and Light). Indeed, iron present in the ALD
cffluent could decrease the pH duc to the oxidation of ferrous ions and the precipitation of

iron oxyhydroxides. Multi-step treatment is required in this case. Therefore, to be efficient,
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ALD should be combined with other passive treatment methods such as sulphate-reducing

bacteria biorcactors or engincered wetlands to remove metals.
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APPENDICE C

RESULTATS DES ESSAIS DE TRAITEMENT DU DMA AVEC DE LA TOURBE

Dans cet essai préliminaire, une colonne (14 cm de diameétre et 70 cm de hauteur) contenant
de la tourbe de sphaigne (dont les propriéiés principales sont présentées au Tableau C.1) a été
alimentée par un DMA riche en fer (autour de 4000 mg/L). Le temps de rétention de la
colonne est d’approximativement 3 jours. Les Figures C.1 et C.2 présentent respectivement
I’évolution du pH ¢t de la concentration en fer en sortie de colonne. Il est alors possible de
remarquer que le pH aprés traitement est similaire a celui du DMA et que le fer n’est pas

retenu. Ainsi, la tourbe n’a pas été retenue pour une étude en filicre de traitement.

Tableau C.1 Caractéristiques de la tourbe

o Sa mE T8a0 =8 HE
¥ E§ 5T 9L macgod 2w o
2 = EZ2F . EL2BEE 5EL °
& 5 §E g “2EtE S8 ®
1,47 42% 48% 0,5% 111,2 <2 5.5




concentration en fer (mg/L)

Figure C.2 Evolution de la concentration en fer en sortie de colonne
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APPENDICE D

PHOTOGRAPHIES DES ESSAIS EN LABORATOIRE

(Sur CD-ROM)
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APPENDICE E

RESULTATS BRUTS DES ESSAIS EN BATCH ET LEURS CARACTERISATIONS

(Sur CD-ROM)
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APPENDICE F

CARACTERISATION INITTIALE DES MATERIAUX UTILISES

(Sur CD-ROM)
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APPENDICE G

RESULTATS BRUTS DES ESSAIS DE SORPTION

(Sur CD-ROM)
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APPENDICEH

RESULTATS BRUTS DES ESSAIS EN COLONNES

(Sur CD-ROM)
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APPENDICE I

RESULTATS BRUTS DE L’ESSAT EN MODELE INTERMEDIAIRE

(Sur CD-ROM)
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APPENDICE J

RESULTATS BRUTS DE LA CARACTERISATION APRES DEMANTELLEMENT DES COLONNES ET
DU MODELE

(Sur CD-ROM)



