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RESUME

La désulfuration environnementale, utilisant la flottation, est une méthode de gestion intégrée
des rejets mmiers dont I'efficacité a ét¢ démontrée de nombreuses fois sur des résidus de
concentrateur dans le cadre de la prévention du drainage minier acide. La flottation est une
technique de séparation minéralurgique fréquemment utilisée pour la concentration des
sulfures en traitement du minerai Elle est basée sur la différenciation des surfaces par ajout
de composés organiques (collecteurs) qui, par adsorption a la surface des particules, les
recouvrent d’un film hydrophobe. La capacité de fixation du collecteur a la surface des
particules dépend principalement des parametres physico-chimiques de la solution et de 1"état
de surface des particules au moment du conditionnement de la pulpe. Les objectifs principaux
de ce doctorat résident en Tlapplication de la désulfuration a des probkmatiques
environnementales spécifiques telles que la diminution de SO, dans le cadre du grillage de
mineral sulfureux (cas du minerai d’hémo-ilménite de la mine Tio de Rio Tmto Fer et Titane;,
ou la flottation de la pyrite gross €re est visée) et la prévention du dramage neutre contammé
a 'arsenic eta ’antimoine (cas du mmerai de la mine Lapa d’Agnico-Eagle Mines Ltd., ou la
flottation de I'arsénopyrite est cibke). Ce projet vise €galement a étudier les mécanismes
fondamentaux a la base de la constitution d’un film hydrophobes permettant la concentration
des sulfures, pyrite de taille grossiére notamment et arsénopyrite dans le but de dimmuer le
potentiel polluant des produits miniers étudiés.

Pour répondre a ces objctifs, I'étude s’est penchée sur la caractérisation surfacique de
poudres de pyrite pure (3 fractions : 32-63 pm; 63-150 pm; 150-425 pm) et d’arsénopyrite
pure de taille standard (32-63 pm). L.’évolution de la surface (analyses XPS et FTIR) de ces 2
minéraux a été étudice apres un broyage, suivi d’un conditionnement 4 différents pH, une
activation au sulfate de cuivre et unc adsorption de xanthates. Différents types de xanthates
(longueur de chamne et ramification variable) sont testés sur la pyrite dans le but d’améliorer
la flottation de la pyrite grossicre. L application de la désulfuration par flottation aux deux
produits miniers ¢tudiés a été faite en celluke Denver de 5 litres. L'impact des différents
parametres physico-chimiques est évalué par amalyse des récupérations en éléments
concentrés (soufre, arsenic, antimoine) et des cmétiques de flottation. Une caractérisation
multidisciplinare (physique, chimique et minéralogique) des alimentations et des produits de
flottation a cté effectuée afn de comprendre les limites du procédé. Le comportement
environnemental des produits de flottation a été évalué par des tests statiques (potentiel de
génération d’acide) et par des tests de lixiviation cmétiques (mmi-cellule d’altération).

Les résultats de caractérisation surfacique de la pyrite pure démontrent I'existence de
structures d’oxydation en piliers constitués d’oxy-hydroxydes et de sulfates de fer. Ces piliers
sont d’autant plus constitués de sulfate ferreux que la fraction est grossiére bien que la couche
la plus externe soit de composition similaire pour les trois fractions. Le comportement de la
pyrite grossiere suite au conditionnement a différent pHs suit celui de la pyrite de taille
standard, avec cependant moms de présence de sulfates hydratés et hydroxylés a Ia surface en
conditions alcalines. Par ailleurs, 'adsorption de xanthates a la surface des particules
grossiéres n’est pas affectée par des conditions akalines au contraire de la pyrite fine. A pl
acide, la nature des phases xanthées adsorbées a la surface de la pyrite dépend principa lement
du type de xanthate. Amsi, le ratio xanthate de fer/dixanthogéne diminue avec "augmentation
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de la longueur de la chamne et du degré de ramification. ID’autre part, I'utilisation du trimethyl
hexylxanthate (chame longue ct ramifice) pour la flottation du mnerai d’hémo-ilménite a
permis d’attemdre une bonne récupération de la pyrite grossicre jusqu’a 90 % des particules
mférieure 4 425 pm. Par ailleurs, il atteint de bonne récupération en condition alcaline
(pH=10,5) et s adsorbe mieux que ke KAX-51, souvent utilisé par I"industrie minéralurgique.
La pyrite résiduelle dans le rejet désulfuré est présente sous forme soit lbérée (taille
millimétrique), soit non libérée (mixte minéralogique).

Les résultats de la caractérisation surfacique de I'arsénopyritc montrent I’existence d’une
couche d’oxydation mince et hétérogénc constituée d’oxydes de fer et d’arsenic. Un
conditionnement a pH acide diminue I’épaisseur de cette couche d’oxydation mais augmente
le recouvrement latéral En conditions acide, 'adsorption de xanthates se fait sous forme de
dixanthogenes et de xanthates de fer et/ou d’arsenic (absent a de fortes concentrations en
xanthates). La désulfuration de I'arsénopyrite 4 partir du mineraide la mme Lapa requiert une
étape de pré-flottation des phyllosilicates dont le concentré contient des fines d’arsénopyrites
entramées mécaniquement. La flottation des sulfures permet de bonnes récupérations. Les
meilleures récupérations en arsenic et en antimoine (respectivement 94 % et 59 %) sont
obtenues a pH acide (pH=4.5) avec 100 g/t de KAX et a pH alalin (pH = 10,5) avec
activation aux sulfates de cuivre avec 70 ou 100 g/t de KAX. Les sulfures résiduels sont non
libérés en majorité (mixtes mméralogiques). Le résidu désulfuré produi est non générateur de
DNC i I’arsenic et a I'antimome d’apres les tests en mmi-cellule d’altération. Le potentiel de
sorption d’arsenic par ks matériaux est minime et n’interférent pas de fagon significative sur
le dramage d’arsenic dans des conditions de pH neutre. Le concentré de tale devrait &tre
stocké avec le concentré de sulfures en tant que produit générateur d’arsenic du fait de la
présence de fines particules d’arsénopyrite hautement réactives. La séparation de ces fines
particules devrait permettre de diminuer le volume de rejet générateur de DNC a Tarsenic de
25% a 5 %.

Ce projet contribue a une meilleure compréhension des mécanismes de formation des phases
oxydées a la surface de différents types de sulfures amsi qu’a une meilleure connaissance des
mécansmes d’adsorption surfacique des xanthates en fonction de leur type de chaine et de la
granulométrie des sulfures. Par ailleurs, Les études de la flottation de particules grossieres en
termes de physico —chimie des surfaces et appliquée a un produit mmier sont peu discutés
dans la litérature. Enfin, ce projet permet d’ouvrr k champ d’utilisation de la désulfuration
environnementale en tant que fechnique de gestion intégrée des rejets mmiers 4 un champ
plus large de diminution du potentiel polluant des produits miniers.

Mots clés : Désulfuration environnementale, émissions de SO,, dramage neutre contammné
(DNC), arsenic, xanthate, pyrite, arsénopyrite.



ABSTRACT

Environmental desulphurization using flotation is a mining wastes management method that
has been successfully tested on numerous mine tailings to prevent acid mme drainage.
Flotation s a mineralogical separation technique frequently used for sulphides concentration
in ore processing. It i based on surface modification by addition of organic compounds
(collector), which adsorb at the mmeral surface and form a hydrophobic layer around the
particle. The collector adsorption capacity is influenced by the physic-chemical properties of
the solution and of the mineral surface. This work mainly aims at applying desulphurization
to other environnmental concerns such as decreasing SO, emissions produced by sulphide ore
roasting (hemo-ilmenite ore of Tio mine, Rio Tinto Fer et Titane; coarse pyrite flotation) and
the prevention of arsenic and antimony contaminated neutral dramage (Lapa mine ore,
Agnico-Eagle Mine Ltd). Thi project ako amms at characterizng the fundamentals
mechanism that produces a hydrophobic layer at the mineral surface (coamse pyrite and
arsenopyrite) allowing its concentration in the prospect of decreasing the pollutmg potential
of mine products.

Surface characterzation of pure pyrite (3 fractions: 32-63 pm; 63-150 pum; 150-425 pm) and
of arsenopyrite (32-63 pm) was performed in order to address these problematics. Surface
evolution (XPS and FTIR analyses) of these 2 minerals was studied after crushing, aqueous
conditioning at different pHs, activation using copper sulphate and xanthate adsorption
(residual xanthate analyzed by UV spectroscopy). Different types of xanthate (alkyl chain
length and branching) were tested on pyrite in the prospect of improving coarse pyrite
flotation. Desulphurzation was applied to two mine products and flotation tests were carried
using 5 liters Denver flotation cells. The mpact of the tested physico-chemical parameters
was evaluated through recovery analyses and flotation kmetics. A multidisciplinary
characterization (physical, chemical, mineralogical) of feed and flotation products was
performed. Environmental behavior of flotation products was evaluated through static tests
(acid generation potential) and kinetic tests (weathering cells).

Results from pure pyrite surface characterization showed evidence of pillar shaped oxidation
structure constituted of iron oxy-hydroxydes and sulphates. The coarser arc the pyrite
particles the more ferrous sulphates are present within these pillars although the outmost
oxidation layer has similar chemical composition for the three fractions. Coarse pyrite
behavior toward conditioning at different pHs follow the standard sized pyrite behavior,
although the surface contams less hydrated and hydroxyled sulphates at alkaline conditions.
Xanthate adsorption at the coarse pyrite surface i not affected by an ncrease of pH contrary
to fine pyrite. At acidic pHs, the type of xanthate phases adsorbed at the pyrite surface mainly
depends upon the xanthate type. The ratio iron xanthate/dixanthogen decreases with the
merease of alkyl cham and branching. The use of trimethy] hexyIxanthate (long and branched
chamn collector) for the desulphurization of the hemo-ilmenite ore allowed reaching 90 %
recovery of coarse pyrite up to 425 pum. Furthermore, it also reaches high recovery under
alkaline conditions (pH=10.5) and adsorbs better at pyritc surface than KAX-51, which is
mostly used in the industry. Residual pyrite particles within the desulphurized tailings are
liberated coarse particles (millimeter sized) and partially locked mmerals.
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Results from pure arsenopyrite surface characterzation showed evidence of a thin and
heterogencous oxidation layer constituted of ron and arsenic oxides. Aqueous conditioning
at acidic pH causes a thinning and broadening of this oxidation layer. At acidic pHs, xanthate
adsorbs as dixanthogen and ron or arsenic xanthate (absent at high xanthate concentrations).
Arsenopyrite desulphurization of Lapa mine ore requires a prefloat step of phyllosilicates.
The concentrate produces by this flotation step contams arsenopyrite fine particles entramed
with the phyllosilicates. Sulphide flotation allows reaching good recoveries. Best arsenic and
antimony recoveries (94 % et 59 % respectively) were obtamed for acidic pH (pH = 4.5)
using KAX at 100 g/t and for alkalme pH (pH=10.5) with copper sulphate activation using
KAX at 70 or 100 g/t. Residual sulphides withmn the desulphurized tailings were locked ore
partially mincrals. The desulphurized tailings produced can be stored at low cost duc to
arsenic leachates under regulation lmits; antimony leachates also highly reduced (weathering
cell testing). The low arsenic sorption capacity of the materials does not mitigate significantly
arsenic dramnage at neutral pHs. The tak concentrate should be store with the sulphide
concentrate as an arsenic generating material due to the presence of highly reactive fine
arsenopyrite particles within the talc concentrate. Removal of fine arsenopyrite particles
within the talc concentrate by physical separation would allow decreasmg the amount of
arsenic-generating material from 25 % to 5 %.

This project contributes to a better comprehension of the mechanisms of oxidation products
formation at the surface of two types of sulphides. It also leads to better knowledge of
xanthate adsorption mechanism as function of their alkyl chamn length and branching and of
particle size. This project supplics application of coarse particle flotation to mine product in
terms of physic-chemical consideration which i scarcely studied m the literature. Eventually,
this research project allows broadening the use of environmental desulphurization as an
mtegrated method for mine waste management that aims at addressing the polluting potential
of mine products.

Key word: Environmental desulphurization, SO, emissions, contaminated neutral dramnage
(CND), arsenic, xanthate, pyrite, arsenopyrite.



CHAPITRE 1

INTRODUCTION

1.1 Généralités sur la gestion des rejets miniers

L’exploitation des gisements miiers a travers le monde refléte la diversité géologique
terrestre tant en termes de taille et morphologie des gisements, de teneur en élément chimique
de valeur, que de la minéralogic des minerais exploités et leurs gangues associées. D’autre
part, la demande mondiak toujours croissante en métaux soutient une exploration mtensive
de nouveaux gikements miniers et entrame une dimmution de la tencur mmimale
d’exploitation économique (tencur de coupure), ce qui amene I'industric mmiere 4 exploiter
des gisements a teneur de plus en plus basses et donc 4 générer des rejets mmiers de plus en
plus importants. Les rejets mmiers reflétent la diversite des différents contextes géologiques,
et les défis reliés a leur stockage constituent un véritable défi environnemental a étudier le
plus souvent au cas par cas. Les pays qui disposent de cadres légaux et/ou de diectives
gouvernementales modifient régulierement leurs normes environnementales de fagon a
dimimnuer I impact de I'activité miniére sur la faune et la flore de leur territoire, ce qui ameéne
ansi I'industrie miniere a réévaluer régulierement ses pratiques de gestions des rejets
miniers. Au Canada, des guides de bonnes pratiques sont mis a jour en fonction des avancées
scientifiques (MEND, 1991, 2004). Au Québec, la Directive 019 constitue un outil d’analyse
pour le Minwstére du Développement durable de 'Environnement et des Parcs (MDDEP) afin
d’évaluer I'mpact environnemental des projets mmiers qui nécessitent des certificats
d’autorisation en vertu de la Loi sur I'environnement (sect. IV, art. 20 et 22) sauf exception
selon la localisation géographique. I.’mdustrie mmiere peut générer différents types de rejets
sous forme de solide, de liquide et, lors de tratement pyrométallurgique. de gaz. Les rejets
miniers sous formes (Fala et al., 2005; Wills, 2006) solides sont principalement constitués (1)
de stériles (roche mere de granulométrie grossiere excavée lors de 'accession au minerai et
dont la teneur en métaux est mférieure a la teneur de coupure), et (i) des rejets de

concentrateurs (roche broyée finement issue du mmerai dont la valeur a été extraite par des



procédés de séparations minéralurgiques). La probKmatique principale relice aux rejets
solides est leur stabilité¢ physique (stabilité physique des digues des parcs a résidus et des
haldes a stériles) et leur stabilité chimique suite a des altérations météoriques (celle des
minéraux constituant les rejets miniers solides). Les rejets liquides (Wills, 2006) sont issus (i)
des eaux de traitement du mmerai, bien qu'une grande partic soit recyclée, (11) des eaux de
ruissellement et de dramage a partir des haldes i stériks et des parcs a rejets et (i) des caux
d’exhaure constamment pompées a partir des galerics souterrames. La qualité de ces caux
minicres dépend de la stabilit¢ chimique des stériles et des rejets de concentrateurs. Au
Québece, le contexte géologique se traduit par une abondance de gisements pour la plupart
auriféres ou polymétalliques. La principale cause de pollution des sites correspondants est
connue sous le nom de dramage mmier acide (DMA). En effet, I"exposition des stériles et des
rejets de concentrateur aux conditions atmosphériques provoque une oxydation des sulfures,
amplifice par la présence de bactéries quand les pH deviennent acides. Le DMA se
caractérise amsi par une baisse du pH et une mise en solution de métaux toxiques au-dessus
des normes gouvernementales (Aubertin et al, 2002; Directive 019, version 2005) tel que

décrit par I'équation schématique suivante :

(1.1) Oxygeéne + eau +sulfure 2 acidité + cations métalliques + oxy-anions

Les moyens de prévention de l'oxydation des sulfures sont divers et reposent tous sur
I’élimmation d’au moins I'unc des trois composantes de la réaction (oxygene, cau, sulfure).

Ams1, on peut y parvenir par :

- la limitation de la diffusion de I'oxygéne par la mise en place de couvertures
constituées de géomatériaux (mono et multicouches), de couvertures géosynthétiques ou
encore par I'ennoiement des rejets (inondation du site ou surélévation de la nappe) (Bussiere
et al, 2003). L mertage des rejets dans les remblais en pite cimentés (matériau ayant des
capacités importantes de rétention d’cau) permet également de limiter 'oxydation des
sulfures, mais sculement un maximum de 50% de rejets peut étre enfoui dans ke cas des

mines souterrames (Benzaazoua etal., 2004).



- la  limitation du contact de T'eau avec les résidus par des couvertures
conventionnelles (argiles compactées associées ou non a un géotextile) ou de type

évapotranspiration (Martin, 2005; Rowe et al., 2006; William et al., 2006; Zhan et al., 2006).

- enfin, la concentration et la séparation des sulfures par un tratement physique ou
physicochimique comme la flottation (désulfuration) rédut significativement le volume des
résidus problématiques pour aboutir 4 une fraction majoritaire de résidus désulfurés non
générateurs de dramage minier acide. Le concentré de sulfures obtenu peut ensuite étre utilisé
comme remblai minier en pate cimentée, ou il est en principe stabilisé par enrobage dans les
ciments de type ciment laitier ou ciment Portland (Benzaazoua et al., 2004, 2008) ou bien
étre stocké temporamement en parc a résidu puis recouvert 4 l'aide d’une couverture
monocouche ou multicouche, constituée entre autres des résidus désulfurés (Demers et al,

2008).

Les émissions gazeuses sont assujettics au réglement sur la qualité de atmospheére (R.Q.c.Q-
2,1.38). Le dioxyde de soufre (SO,) est une source de pollution atmosphérique importante
pouvant étre 4 'origine de pluies acides. Il peut &tre émis lors des opérations de grillage de
minerais contenant des sulfures 4 haute température autour de 900°C (Wang et al, 2011). Des
techniques de captation de ce gaz sont alors utilisés tel que des adsorbants a base de calcum
(Nyavor and Egicbor, 1991), la transformation et la production de soufre élémentaire a partir
de SO, (Rameshni and Santo, 2006) ou l'addition de chaux associée 4 du calcaire (Bakke,
1980; Ettouney et al, 2012; Khawaji and Wie, 2005; Ren et al, 2011; Zhang et al., 2011).
Ces procedés sont souvent associés a une usine de production d’acide sulfurique permettant
la valorisation de ce réactif (Daum, 2009; Léveilk and Claessens, 2009). Cependant ces
techniques nécessitent de lourds mvestissements de la part des entreprises minieres pour

mettre en place des usmes de taille importante.

Le dioxyde de soufre est émis par exemple lors du grillage de minerais sulfurés. Ce procédé
pyrométallurgique, qui consiste a oxyder le minerai a trés haute fempérature, vise souvent a
libérer les métaux de minerais réfractaires. Le grillage peut également viser a ¢limmer les
sulfures dans certans minerais comme c’est ke cas des concentrés d’hémo-ilménite traités par

I'entreprise canadienne Rio Tinto Fer et Titane a Sorel-Tracy (Quebec, Canada) qui sont



destiné a la production de fer et de titane. Ce type de désulfuration trés polluant pour
I'atmosphere peut étre remplacé avantageusement par une désulfuration par flottation en
amont du procédé, technique particulierement bien adaptée pour la concentration des

sulfures.

1.2 Désulfuration environnementale vers la métallurgie environnementale

La désulfuration environnementale peut étre définie de fagon générale comme une opération
de concentration non sélective des sulfures en vue de diminuer k potenticl polluant des
produits mmiers traités. L approche de la gestion ntégrée des rejets de concentrateur par
désulfuration envrronnementale a été proposée dans le cadre de la prévention du dramage
minier acide (sect. 1.2.1) par plusieurs autecurs (Benzaazoua et al. 2008; Bruckard et
McCallum, 2007, Bussiére et al., 1997; Yalein et al, 2004). Elle consiste a traiter les rejets
miniers ssus du tratement de mmnerais a métaux précieux et/ou polymetalliques par flottation
a la sortie de I'usine de tratement de fagon a produire un rejet désulfuré non générateur de
DMA ou de DNC. Dans le cas du DMA, le degré d’enlevement des sulfures dépend du
potenticl de génération d’acide du rejet, PGA (Benzaazoua et al., 2000; McLaughln, 1994).
Le potenticl de génération d’acide, aussi appelé potentiel net de neutralisation (PNN) est

calculé par la différence entre le potenticl de neutralsation et d’acité du matériel

La flottation est une méthode de séparation minéralurgique qui se base sur les différences de
propriétés surfacique des mméraux. Le procédé vise amsi a séparer I'espéce minérale
d’intérét (sous forme d’un concentré de flottation) du reste du minerai ou gangue (rejet de
flottation). Cette technique consiste & disperser des bulles d’ar dans une suspension aqucuse
de particukes solides (pulpe de 20 a 40 % solide) dont certames sont naturellement ou
artificicllement hydrophobes par ajout de collecteurs spécifiques (dans le cas de sulfures les
collecteurs utilisés sont en général des xanthates). Les particules hydrophobes s’accrochent
aux bulles. I1suffit ensuite de recueillir I'écume chargée de particules formée a la surface de
la pulpe (Blazy et Idid, 2001a; Crozier, 1991). Comme décrit précédemment, le concentré de
sulfure produit par la désulfuration environnementale peut étre stabilisé par exemple par
incorporation a un remblai ou bien par un recouvrement constitué des rejets désulfuré de
fagon a limiter ks coits de stockage du concentré. Il peut étre également revalorisé dans un

procédé s’il concentre suffisamment d’¢léments a valeur économique. La désulfuration



occupe donc une place de plus en plus centrale dans la gestion des rejets miniers sulfurewux et
se doit d’étre envisagée lors d’opération en cours ou en cours d’étude de faisabilité (Figure
1.1). En revanche le traitement des rejets miniers par désulfuration envirounementale suite &
la valorisation du minerai peut générer quelques défis techniques en fonction des réactifs
présents dans la pulpe. Ainsi, la présence de chaux ou de cyanmures cause une passivation des
sulfures notamment la pyrite (sulfure le plus fréquent dans les rejets de concentrateurs), ce
qui déprime leur surface et empéche leur concentration par des collecteurs de type xanthate
(De Wet etal , 1997, Prestidge et al., 1993). Le recouwrs a d’autres types de collecteurs tel que
I’ Armmeen (amine acetate) a Pmconvénient de provoquer un entrainement mmportant de
minéraux non sulfureux dans le concentré (Renzmazoua et al , 2000). La réactivation des
sulfures par acidification de la pulpe est une option qui est proposé en cas de passivation des
surfaces par la chaux (Menmillod-Blondin, 2005).
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Figure 1.1 Schéma simplifié de la gestion mtégrée des rejets miniers (adapté de Benzaazoua
etal , 2008)



Au vu des coiits de restauration des sites miniers (travaux de fermeture et post-fermeture des
sites) pouvant s’étaler sur plusieurs dizames d’années apres la fermeture du site, une
amélioration de la gestion du potentiel polluant des produits miniers pourrait étre envisagée
en cours d’opération afin de réduire les couts inhérents au stockage de rejets générateurs de
DMA (Benzaazoua et al., 2008; Martin et Fyfe, 2012). Ainsi, une approche plus holistique de
I'opération miniere ou la gestion des rejets miniers est mtégrée au processus de valorisation
du mmerai pourrait &étre une option d’évolution de la métallurgie telle qu’appliguée
aujourd’hui vers une métallurgic environnementale. Cette approche offre I'avantage d’allier

rendements économique et environnemental 4 court eta long terme.

1.3 Application de la désulfuration environne mentale

A Téchelle industriclle, la désulfuration environnementale a été appliquée pour Iinstant
uniquement a la prévention du drainage mmier acide par flottation des rejets miniers wssus de
I'usine de traitement. 1. efficacité de cette technique dans la prévention du DMA nous ameéne
a envisager son utilisation dans la prévention d’autres pollutions minieres telles que le
drainage neutre contaminé a I'arsenic et 4 I'antimome ou la diminution d’émission de SO,
dans le cadre du grillage des sulfures. Cette mtroduction décrit dans un premier temps la
principale application de la désulfuration : la prévention du drainage minier acide. Dans un
second temps, deux nouvelles applications de la désulfuration sont mtroduites dans le

chapitre 1 avant d’&tre développés dans cette thése (chapitre 2 4 7).

1.3.1 Prévention du drainage minier acide

De nombreuses études attestent de Iefficacité de la désulfuration environnementale pour le
tratement des rejets mmiers sulfureux (Benzaazoua et al, 2000, Benzaazoua et Kongolo,
2003; Bruckard et Callum, 2007; Leppinen et al, 1997, Mermillod-Blondin, 2005; Yalcin et
al, 2004). Le Tableau 1.1 synthétise différents travaux cffectués sur la désulfuration
environnementale en vue de la prévention du drainage minier acide. Les types de rejets
miniers traités ont des teneurs en soufre variant de 0.3 % a plus de 20 %. Les sulfures les plus
souvent rencontrés dans la problématique du dramage minier acide sont la pyrite et la
pyrrhotite. Les rendements attemnts par la désulfuration permettent généralement de produire

un rejet non générateur d’acide. La détermination du taux de désulfuration nécessaire a la



production d’un rejet non générateur d’acide nécessite de détermmer le potentie] générateur

d’acide (PGA) des rejets mmiers. I1s’agit le plus souvent de tests de prédiction dits statiques

(Acid Base Accounting, ABA).

Tableau 1.1 Synthese des travaux effectués en lien avec la désulfuration environnementale de
rejets mmiers sulfureux pour la prévention du DMA

Type de

Désulfuration

Alimentation Echelle o Résultats Référence
sulfure (réactifs, pH)
présent
Rejet mine ) Laboratoire Potassium R=96% MecILaughlin,
Cu-Ni Pymhotite et usine amy Ixanthate Srec=0, 4% 1694
{(S=0,8-1,4%%) pilote pH=6-7
Rejet mine ) ) Sodum is obutyl R=96% Leppinen et al.,
Cu-7n Pynte Laboratorire xanthate S..=0. 5% 1097
(S=4-8%%) pH=5,5-6,5
Rejet mine Pynte . Potassium R=90% Benzaa zoua et
Au-Cu Pyirhotite Laboratoire isoamylxanthate g =0 3% al, 2000
(S=3%) Chalcopyrite pH=5-10
Rejet mine :
Au-A Pynite . . Amine acétate R=95% Benzaazoua et
) Chalcopyrite Laboratoire P
(S=3%) Sphalérite pH>11,4 Sres=0, 2% al, 2000
Cyanures
Rejet mine Pynte Potassium
Cu-Zn-Au- Pymhotite | ,horatoire amy lxanthate R=95% Benzaa zoua et
Ag Chalcopyrite (activation Sres=1,8% al., 2000
(S=16%) Sphalérite CuS0O,) pH=9-10
Rejet mine Pyrite Potass um
. = 0
Cu-Zn-Au- PYIThOUt? Laboratoire amy lxanthate SrR =916£ y Benfazzgo%a et
Ag Chalcopyrlte pH=9-10 es™ 1,470 al,
(S=24%3) Sphalénte
Rejet mmier . . R=95% Benzaazoua et
sulfureux Pynte Laboratorre S.=0.4% Kongolo, 2003
(S=35%) Potassium = 800,
anty Ixanthate
i mi H=6/pH=11
R:{]f]?furileﬁ;? ' Pyrite Laboratoire ’ ’ R=97% Benzaazoua et
Sres=0,4%  Kongolo, 2003

(S=10%%)




Tableau 1.1 (suite)

Type de

Alimentation sulfures Echelle De's uli"uratlon Résultats Référence
, (réactifs, pH)
présents
Potassum R=00M Valein et al
o Pyrhotite ~ Laboratoire amy lxanthate S =0 22/ A 0216102 o
ReJE’é:H;f/te)Au {activation CuSQ,) Sres <70
Pyrite pH=6-10
Cyanures -
résents Usme Potass um Alamet
P Jot amy Ixanthate R~90% < 012
priote (activation CuSOy) ang.
pH=8
Rei ett . " Potass um
reconsitued Pynte . is camylxanthate R=83% Mermillod-
partir de Laboratorre -0 50 :
. . . Sree=0,5%  Blondm, 2005
stérile mine Chalcopyrite H-6/pT=11
Cu-Zn-Au-Ag PP
(5=17%6)
Rejet mine Au Ringage des Benzaazoua et
. _ R=84% |
(S=4%) Pyrite Laboratoire  CYanUres -Potassmim al, 2008
Cyanures amy Ixanthate S,.=0.3% Demers et al.,
présents (activation CuSOy) 2008
Rejet mine Cu Pynte Laboratoire Deschlammage* R>=7%% Bruckard et
(S=3%) Molybdéne (cyclone) al, 2007
Rejet mine Ni ~ Pyrthotite  Laboratoire R=84% Bruckard et
(§=6%6) Potass mm al, 2007
Rejet mine Bruckard et
Pynte Laboratorre amy banthate R=7%%%
Cu-Au al, 2007
(5=0.3%%) pH=9-9,5
Rejet mme Bruckard et
Galéne Laboratoire R>7%%
Pb-Zn-Ag al, 2007
(S=2%%)
Rejet mme Pyrite Site minier Meilleure qualité des eauxde Martin et
Ni-Cu dramage (pH, Fe, Ni Cu) Fyfe, 2012

* Je deschlammage consiste a enlever les particules les phs fines (d<<10pum)



Le potentiel de neutralisation (PN) est déterminé par titration acido-basique quantifiant amsi
le potenticl tampon des carbonates et le potentiel d’acidité (PA) par analyse du soufre
(sulfure et sulfate) de 1’échantillon en supposant que tous les sulfures sont susceptibles d’étre
oxydées (Lawrence et Wang, 1997a; MEND, 1991; Sobek et al, 1978). Lorsque les tests
statiques ne permettent pas de statuer sur le PGA d’un rejet minier, des tests cmétiques
peuvent étre effectués. Ces demiers permettent d’évaluer la qualité des caux de dramage au
cours du temps (MEND, 1991; Morm et Hutt, 1997, Villencuve, 2004). La prévention du
dramage minier acide par la désulfuration vise & diminuer suffisamment le potentiel d’acidité
des rejets mmiers de fagon 4 les classer comme non générateur d’acide en dehors des zones
d’mncertitude de ces tests (Benzaazoua et al., 2008, Bussiére etal, 1997, Demers et al., 2008).
Tel qu’illustré par le Tableau 1.1, la désulfuration environnementale est appliquée de
I'échelle du laboratoire jusqu’au site minier depuiss une vingtaine d’années. Elle est encore
considérée a ce jour comme une pratique novatrice (Martin et Fyfe, 2012) mais cette pratique
est de plus en plus souvent considérée dans le cadre de plan de fermeture en prévention du

DMA (Robertson et al, 2012).

1.3.2 Prévention du drainage neutre contaminé a I’arsenic

1.3.2.1 Formation et prédiction du DNC

La formation du dramage neutre contaminé (DNC) résulie de la méme réaction d’oxydation
des sulfures décrite par 1’équation 1.1. Cependant, au contraire du DMA, les eaux de dramage
demeurent a des pHs proches de la neutralité. Dans le cas du DNC, des métaux et métalloides
tels que I'arsenic, 'antimoine, le zinc ou le nickel peuvent étre présents a des concentrations
supérieures aux normes en vigueur (Maves et al. 2009; Plante et al. 2010; Warrender et al
2009), bien que I'antimoine ne fasse pas 'objet de régulation gouvernementale et que son
comportement environnemental soit peu connu (Fillela et al, 2009; Vink, 1996). Le DNC
peut étre formé dans le cas de rejets contenant suffisamment de minéraux neutralisant
lacidité générée par I'oxydation des sulfures contenus par ce méme rejet. Dans la province
de Québec et en particulier dans la région de 1’Abitibi, beaucoup de mines sont aux priscs
avec la présence d’arsénopyrite dans leurs mmerais. La présence de ce mméral dans k résidu
minier peut poser le probléme du drainage mmier acide si le potenticl de neutralisation du

matéricl ne contrebalance pas l'acidité produite par son oxydation par I'oxygéne ou par
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d’autres agents oxydants (comme Fe’"). Le probléme du drainage neutre contaminé intervient
quand lacidité produite est neutralisé par la dissolition de silicates et/ou carbonates.
L’oxydation de Tarsénopyrite libére alors de I'arsenic (métal hautement toxique), tel que
décrtt par I'équation suivante, qui peut étre présent 4 des concentrations supérieures aux

normes régkmentarres.

(1.2) 4 FeAsS + 13 O, + 6H,0 —4 Fe*' + 4H;AsO, + 4 SO

I arsenic est susceptible d’étre dissous sous la forme d’ion arséniate AsQ,” 4 des pH proches
de la neutralité si les conditions sont oxydantes (Haffert et Craw, 2008). La désulfuration
environnementale de rejets mmiers arséniféres en vue de prévenr 'appartion de dramage
neutre contammé 4 Iarsenic dans les parcs a résidus n’a pas encore éi€ Etudiée. Par ailleurs, a
I’heure actuelle, il n’existe pas d’outilks de prédiction spécifiques au DNC (Nichok on, 2004).
Les méthodes de caractérisation utilisées dans le cadre du DNC sont les mémes que celles
utilisées pour prédire ke DMA. Des études de Plante (2010) ont démontré que les tests
cinétiques de lixiviation des rejets (mini-cellules d’altération, cellules humides) sont peu
adaptés sachant I'importance des phénoménes de sorption des contammants dans les matrices
étudiées. Des tests adaptés a la prédiction du DNC, qui prennent en compte ces phénomenes

sont actucllement en cours de développement (Plante et al., 2012).

1.3.2.2 Désulfuration des rejets arsénires

Dans la littérature, la flottation de 'arsénopyrite a été étudié dans le but de diminuer les
pénalités associés d des concentrés destinés a la fonderie en dimmuant leur teneur en arsenic
(Bruckard et al. 2010; Draskic et al 1983), mais également dans le but de concentrer
I'arsénopyrite aurifere (Diaz et al. 1995 ; Duc 1992; Valdivieso et al. 2006; Monte et al
2002). Le mécanisme de flottation de I'arsénopyrite est attribué a "oxydation des ions
xanthates en ions dixanthogénes 4 la surface de D'arsénopyrite. Le dixanthogéne formé
s’adsorbe alors a la surface de I'arsénopyrite qui devient hydrophobe (Kydros et al., 1995;
Lopez Valdivieso et al., 2006). Cette adsorption est mfluencée par les conditions physico-
chimique de la pulpe (température, pH, Eh) et par la présence d’activants ou de déprimants.
D’apres certames études (Duc, 1992; Lopez Valdivieso et al, 2006; Sirkeci, 2000), la
flottation de I'arsénopyrite a pH acide (pH=3-4) par des réactifs de type xanthate est aussi
bonne que la flottation de la pyrite comme illustré par la Figure 1.2.
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Figure 1.2 Eécupération de I"arsénopyrite et de la pynte pure (tests en tubhe Hallitmond : tube
de verre permettant la flottation & I échelle du gramme) en fonction du pH avec gjout de 5.10°
molL de K AT-51 d"aprés Sikect (2000).

Cependant, 4 partir de pH=E 5 arsénopyrite est déprimée au contraire de la pyrite qui flotte
également aux pHs basiques autour de pH=10 (Merrmullod-Blondin, 2005, Persson et al,

1994; Sirkecy, 2000).

Les études menées par Duc (1992), Diaz et al (1995) et Sirkeci (20000 démontrent que la
séparation de la pyrite et de Uarsénopyrite est efficace & pH alcalin seulement. Une étude
menée par Monte et al (2002) sur un concentrd de grawmétrie essentiellement composé
d arsénopyrites et de pyrites aunféres démontre que la flottation d’arsénopyrte oxydée est

fortement améliorée par Uajout de sulfates de curere & pH=6.
133 Diminution d’émissions de SO,

1323.1 Source des émissions de 5% : la pyrite grossiére

Comme mentionné dans la section 1.1, U'émission de 305 due 2 la désulfuration par gnillage
peut ftre diminuée en remplagant le grillage des sulfures par la constitution d’un concentré de
sulfures par flottation en amont du grillage. Le mineral d’hémo-ilménite, exploité par Rio

Tinto Fer et Titane (ETFT) est constinié de phases minérales économiquernent mtéressantes
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sous forme d’exsolution de minéraux d’hématite et d’ilménite. Celui-ci est grillé au cours de
I'enrichissement du minerai avant d’étre envoyé a la fonderie. Le grillage a pour double
objectit de magnétiser I'hémo-ilménite en vue d’une séparation magnétique postérieure et de
dimmuer la teneur en soufre du minerai par oxydation de la pyrite en dioxyde de soufre et en

hématite ;

(1.1) 4FeS; + 110, > 2 Fe,0; + 8 S0, (2)

Au cours du grillage, la pyrite peut s’oxyder en hématite (Fe,03) ou en magnétite (Fe,O,)
selon les conditions opératores. La magnétsation du minerai se fait avec un temps de
résidence court dans le four rotatif. Cependant, afm de privilégier la formation d’hématite par
grillage de la pyrite, le temps de résidence dans le four rotatif est prolongé (Wang et al,
2011). La présence de magnétite, tout comme ke soufre, nuit 4 la qualité des aciers produits
par RTFT. La désulfuration par flottation du minerai d’hémo-ilménite pourrait permettre, en
plus de réduire kes émissions de SO,, de réduire le temps de résidence du mmnerai dans le four

rotatif et ainsi de diminuer les coiits opératoires liés au grillage.

1.3.3.2 Flottation des particules grossiéres : approche hydrodynamique

La séparation par flottation nécessite en général un contréle précis des conditions
hydrodynamiques. En effet, ces dernieres ont une influence majeure tout au long du procédé
de flottation. Les conditions hydrodynamiques doivent étre suffisamment turbulentes pour
permettre la mise en suspension des particules dans la pulpe et la digpersion des bulles, ce qui
offre ainsi une bonne probabilité de collision bulle-particule (Blazy et Jdid, 2001a).
Cependant, un environnement hydrodynamique quiescent doit également permettre le
trangport des ensembles bulles-particules vers la surface amsi qu'une bonne stabilité de la
mousse formée; bien que cette stabilité soit également améliorée par la présence de réactifs
moussants qui abaissent les tensions de surface permettant de stabiliser les bulles (Blazy et
Jdid, 2001a). La plupart des équipements de flottations (cellules & agitation mécanique et
colonnes) offrent un compromis entre ces deux conditions hydrodynamiques (turbulente ct

quicscente).

La flottation est une technique qui atteint son optimum (plus haute probabilité de séparation)

pour une cerfaine tranche granulométrique. Les particules trop fines (<10um) ou trop
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grossieres (> 300um) sont difficilement récupérées dans ke concentré (Jameson, 2005, De
Gontijo et al, 2007). Dans le cas des particules les plus grosses, la force d’mertie est
supérieure aux forces de tensions superficielles qui lient ces particules aux bulles: la particule
se détache donc de la bulle avant d’atteindre 'écume a la surface de la cellule (Gomez,
2000). De plus, lorsque la granulométric est grossiére, le poids des particules transportées
peut &tre supéricur a la poussée d’Archimede subie par la bulle : la bulle n’atteint pas la
tranche d’écume récupérée (Jameson, 2005). Enfin, I’augmentation de la taille des particules
nécessite une augmentation de I'agitation (cellules mécaniques) pour ma mtenir ces particules
en suspension. [’augmentation de la vitesse d’agitation (turbulences plus fortes) augmente
alors également la probabilité de détachement des particules (Tao, 2004). Dans le cas de la
flottation en colonne, le temps de résidence de ces particules est plus court ce qui dimmue la
probabilité de collision avec les bulles (Jameson et Lambert, 2007). Les particules grossicres
ont donc une faible probabilité de collision bulle-particules et une forte probabilité de

détachement ce qui provoque un faible rendement et une faible cinétique de flottation.

Des solutions ont été développées pour améliorer la flottation des particules grossieres. Tao
(2004) propose de générer deux type de bulles : des bulles millimétriques générées par
bullage standard et des bulles micrométrique produites par hydrocavitation ou saturation de
gaz (Tao, 2004). Les bulles micrométriques permettent d’augmenter la flottabilite des
ensembles bulle-particules par formation d’agglomération de bulles micrométriques et
millimétriques et ansi augmentation de la flottabilité des ensembles bulles-particules. Les
bulles micrométriques se fixent également plus facilement aux particules du fatt de leur
¢nergie de surface plus élevée et de keur vitesse d’ascension plus faibke dans la pulpe (Tao,
2004). La flottation des particules grossicres en celluke mécanique pourraient &tre améliorée
par "optimisation des systémes de rotor-stator afin d’éviter les micro-turbulences (Schubert,
1999) et par des cellules de flottation moins profonde pour augmenter la probabilité de
transport des ensembles bulles-particules vers la mousse (Tao, 2004). Newcombe et al
(2012) souligne ke manque d’¢tude sur la flottation des particules grossieres appliquée a des

produits miniers.

Bien que I'hydrodynamisme constituc une part mportante du bon fonctionnement du procédé

de flottation, le principe méme de la flottation repose sur les différences de propricté de
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surface des minéraux. I.”approche physico-chimique constitue donc une clef de voute de la

flottation.

1.3.3.3 Flottation des particules grossiéres; approche physico-chimique

En flottation, I"approche physico-chimique regroupe la physico-chimie de la pulpe (pH, Eh,
température, chimie en solution) et celle de la surface des minéraux cibks. Parmi ces
demniers, les sulfures ont une surface trés réactive qui est sensible aux changements de pH (au
niveau de leurs phases d’oxydation superficielles) ainsi que par I'ajout de réactifs tel que des
activants, des déprimants qui permettent respectivement de faciliter ou d’mhiber 1"adsorption
de collecteur sur des minéraux spécifiques. Les collecteurs sont ensuite ajoutés a la pulpe
pour s¢ fixer 4 la surface des particules mmérales & collecter en formant un film hydrophobe
autour de ceux-ci. Cela permet d’obtenr une flottation sélective (Blazy <t Jdid, 2001b). Les
xanthates sont ks collecteurs le plus souvent utilisés pour la flottation des sulfures (Blazy et
Jdid, 2001b). Les sulfures, minéraux peu hydrophiks, ne nécessitent habitucllement pas de
xanthate 4 chane longues (Pearse, 2005). Cependant, dans k cas de la flottation de sulfures a
granulométrie grossiere, I'augmentation de Thydrophobie des particules par une
augmentation de la chaine alkyl du collecteur peut étre envisagée de fagon a dimmuer la
probabilité de détachement des ensembles bulles-particules (Newcombe etal., 2012). En effet
les collecteurs a chamnes alkyl plus longues forment des films hydrophobes plus stables et
permettent d’obtenir des angles de contact bulle-particules plus élevée (Rao,1971; Rao et
Finch, 2003). Cependant, la solubilit¢ du collecteur diminue avec I'augmentation de la
longueur de la chaine. Il y a donc un compromis a obtenir dans le choix d’un collecteur a
chaine suffisamment longue pour obtenr I’hydrophobie maximale tout en ayant une
solubilité lui permettant d’&tre bien dissous dans la pulpe (Ackerman et al., 1987, Kim et al.,
2000). La structure de la chame du collecteur joue également un réle dans la stabilité et le
degré d’hydrophobie. Ainsi, un collecteur possédant une chame alkyl avec des branchements
méthyles constituera un film plus stablke et plus hydrophobe que son équivalent 4 chaine
linéawe (Ackerman et al, 1987, Rao, 1971). Dans l'optique d’augmenter d’avantage
I’hydrophobie des particules pour diminuer la probabilité de détachement des particules, il est

également possible d’ajouter des activants pour faciliter I'adsorption de ces collecteurs (Rao,
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1971). Newcombe et al (2012) souligne le fatt que les particules grossieres sont

particulierement sensibles aux conditions physico-chimiques expérimentales.

La compréhension des mécanismes fondamentaux de la flottation tel que I’évolution des
especes issues de l'oxydation superficielle des sulfures, la chimie des xanthates et les
mécanismes d’adsorption de ceux-ci a la surface des sulfures permet d’améliorer peu a peu

les performances et les pratiques liées aux procédés de flottation.

1.4 Aspects fondamentaux de I’adsorption des xanthates a la surface des sulfures

1.4.1 Caractérisation surfacique de la pyrite et de I’ arséno pyrite

Les especes superficielles présentes a la surface des sulfures se forment prncipalement au
cours du broyage (Kongolo, 1991). L" mfluence des conditions opératoires lors du broyage
sur ks especes superficklles de la pyrite a été largement étudiée et synthétisée dans la
littérature (Cases et al, 1989, 1990, 1995; Mermillod-Blondm, 2005). Lors du broyage de Ia
pyrite, ks surfaces fraichement crées présentent des atomes de fer et de soufre mnstables
thermodynamiquement du fait des ruptures de liaisons Fe-S et S-S. L’arsénopyrite présente
des ruptures de liaison Fe-S et As-S suite au broyage (Pratt et al., 1998; Schaufuss et al,
2000). Pour la pyrite, des réactions d’oxydo-réduction des phases surfaciques instables
aboutissent a la formation de phases oxydées réparties de fagon hétérogene a partir de sites
anodiques et cathodiques (Mermillod-Blondin, 2005, Murphy et al, 2009). Ces phases sont
principalement des sulfates et des oxydes de fer ferreux et ferrique avec des traces de phases
soufrées plus ou moms stables avec un degré d’oxydation nférieur tel que des sulfites, des
thiosulfates, des polysulfures et du soufre eliémentare (Fornasiero et Ralkton, 1992 ; Smart et
al, 2000). L’exposition de la pyrite & I'ar pendant une période prolongée ajoute la présence
de sidérite (réaction du fer avec k CO, de I'ar) aux différentes especes superficielles
(Calderra et al., 2008), ce qui n’arrive pas dans un procédé humide en continu (traitement du
minerai). La physico-chimie de la pulpe le long du procédé de traitement joue un rék
mportant sur ’évolution des différentes phases superficielles. Ainsi, des conditions alcalines
(ajout de chaux) favorisent I'hydratation et I"hydroxylation des sulfates et oxydes de fer
rendant la surface de la pyrite plus hydrophile (Mermillod-Blondin, 2005). La surface de

Iarsénopyrite comporte essenticllement des oxydes de fer et d’arsenic répartis en une fine
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couche homogéne (Mikhlin et al, 2006, Meshtt et Muwr, 1995, Schauffuss et al, 2000,
Urhano et al, 2008) ansi que gquelques traces de sulfates, thinsulphates et polysulfures
incorporées aux oxydes, car la majorité des phazes porteuses de soufre formées sont dissoutes
(Duc, 19923 Des conditions alcalines de la pulpe favorisent la dégradation de la maille
cristalline de 'arsénopyrite et hydrosylation des phases superficielles, ce qui provogque une
inportante formation d hydrosordes ferriques et de réalgar 4 la surface de "arsénopyrite (Duc,
1992, Vreudge, 1952). La répartition et la nature des phases d oxydation superficielles de la
pyrite et de I'arsénopyrite aprés brovage sont schématisées parla Figure 1.3
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TR B - | —
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L Choy-hyvdronoyde de fer ot . |
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Figure 1.3 Schéma de répartition et nature des phases d’oxvdation superficielles de la pyrite
(&) et de Uarsénopyrite (B) aprés brovage (Schémas adaptés respectivement de Merrmllod-
Blondin, 2005 (&) et Schaufuss et al, 2000 (B
L’adsorption des zanthates dépend en grande partie de Uétat de surface des sulfures au
moment de leur conditionnement, hien que le type de xanthate utilizé influence également
lewr mécanisme d’adsorption (Mielczarska et al | 1998; Fuerstenau et al | 1990a) D7 autre
patt, les conditions physico-chimiques de conditionnement (pH, Eh, température) mfluencent
a la fois la surface des sulfures amnsi que la nature des phases zanthées en solution et 4 la
surface des sulfures (Rao, 1971). La connassance des cinétiques de transformation des

zanthates ains que leur chimie est donc fondamentale pour comprendre les mécamsmes de

lewr adsorption 4 la surface des sulfures tels que la pyrite et 1 arsénopyrite.
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1.4.2 Chimie des xanthates

Les xanthates sont utilisés comme principaux collecteurs des sulfures dans 1'industrie
miniere. Ces thiosels sont constituée d un groupement polaire soufré (S-C-8) quise fixe a Ia
surface des sulfures et d’un groupement alkyl (chame hydrocarbonée saturée) qui contribue a
la formation d’un film hydrophobe autour des particules collectées. Leur synthése est ssue de
la réaction entre un alcool primawre ou secondarre, du disulfure de carbone en large excés et

de I'hydroxyde de potassium tel qu’indiqué par I’équation suivante (Rao, 1971) :

/S
1.4) R-OH+CS,+KOH = H,0+ R-O-C
SSK

La purification des xanthates par séparation des produits de réaction, tel que des polysulfures
et du dixanthogene, est fait par dilution dans I'acétone, séparation des phases aqueuse ct
organique et précipitation des xanthates par un solvant apolame tel que le dicthylether. La
chimie des xanthates a fait I’objet de nombreuses études et synthéses bibliographiques dans
I'objectif d’évaluer leur stabilité selon le pH, k Eh, I"'oxygéne dissous, le contact avec des
sulfures ou des ions dissous (Duc, 1992, De Donato et al, 1989, Finkelstein, 1977,
Fornasiero et al., 1995; Fuerstenau et al, 1968; Jones and Woodcock, 1983; Kongolo, 1991,
Montalti et al, 1991; Rao, 1971) Le principal produit dérivé des xanthates est le
dixanthogene. Il est formé par oxydation des xanthates selon la demi-réaction suivante (Rao,

1971) :

. SIS S
: 2ROC ( PROC JCOR +2¢

I.’oxydant peut étre I'oxygeéne dissous ou adsorbé a la surface de la pyrite, des ions ferriques
ou des hydroxydes de fer dans des conditions anaérobie (Fuerstenau et al., 1968). Les
principaux dérivés des xanthates sont regroupés dans le Tableau 1.2. Les phases dérivées des
xanthates peuvent étre formées par catalyse avec la surface des sulfures quand ceux-ci sont

présents (De Donato et al, 1989; Montalti et Ralston, 1991). L hydrolyse des xanthates
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correspond a la dissociation des =xanthates en disulfure de carbone et en alcool
L’augmentation de la température, la dimmution du pH et de faibles concentration mitiales de

xanthate sont des facteurs qui accélerent la cmétique de dissociation des xanthates (De

Donato et al., 1989, Granville, 1972; Rao, 1971).

Tableau 1.2 Liste et propriétés des xanthates et des princ paux dérivés xanthés en phase

aqueuse
Nom (abbréviation) Formule Formation Propriétés Références
S Synthése : Stabilité : Rao, 1971;
Xanthate (X) R-O-C “ équation pH>pKa Somasundaran
s 1.4Erreur ! Eh< F 2006
Cosecn ois
S -Hydrolyse de X Kongolo,
. . 4 - Interméd iaire Stabil ité : 1991;
Acide xanth X R-0-C7 ’
cide zanthique (HX) NsH lors de la pH=pKa Somasundaran
dssociation de X 2006
en CS, et ROH.
S S Oxydation de X Stabilité : Rao, 1971,
Dixanthogene (X;) R*O*C/< Y.oRr oude produit pH=11 Somasundaran
-y intermédiaire : Eh>F 2006
équation 1.5
S . Stabilité en Jones and
Perxanthate (PX) R-O-Lj/ i Oxgdgtlon de X milieu Ralston, 1991;
Nsor partatn acide Woodecack,
1983
. : ilité : Dug, 1992;
Monothiocarbonate RO C//S - Oxydation de X. IS;?]}; ilte ’ I;locngolo
(MTC) No- -Hydrolyse de X, alealin 1991: Ralston,
1991,

La formation de perxanthate en solution implique la présence de peroxyde d’hydrogene
(Kongolo, 1991). Ce demier peut étre formé par réduction de I'oxygeéne a la surface de la
pyrite essentiellement 4 pH acide (Biegler et al, 1975). La stabilité¢ des xanthates est
mnfluencée par la longueur de leur chaine carbonée. I.’augmentation de la longueur de la
chaine carbonée des xanthates augmente Ieffet donnewr d’électrons, ce qui favorise
I'oxydation des xanthates en dixanthogene (Lotter et Bradshaw, 2010; Poling, 1976). Les
potentiels standards du couple rédox xanthate/dixanthogéne (E°) et les constantes d’acidités

(Ka) de différents types de xanthates sont listés dans le Tableau 1.3.
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Tableau 1.3 Liste des potentiels standards des couples xanthate/dxanthogéne et des
constantes d’acidité de différents types de xanthates

Xanthate Potentiel standard Constante d’acidité Références
() (Ka)
MeéthyIX -0,013 3,410 Rao, 1971
Finkelstein et Poling,
FEthylX -0,06 29107 1977. Somasundaran,

2006 Rao, 1971,

PropyIX -0,07 25107 Somasundaran, 2006,
Rao, 1971
ButyIX 0,10 2,3.107 Somasundaran, 2006,
Rao, 1971
AnylX -0,12 1,9.107 Somas undaran, 2006;
Rao, 1971
HexyIX 0,15 7 Rao, 1971

Enfin, de par leur nature de ligand, les xanthates sont sensibles a la présence de métaux en
solution tel que le fer, le cuivre, ke zinc ou le plomb. Les xanthates réagissent alors
préférentiellement avec les ions présents en solution pour former des précipités solides,
stables (Allison et O’Connor, 2011; Jiang et al., 1998; Leppinen, 1990; Pecina et al., 2006;
Rao, 1971) et ne sont plus disponibles pour s’adsorber a la surface des sulfures a moms que
la formation des complexes métalliques soit proches de la surface auquel cas, ils peuvent &tre

préepités sur les sulfures (Fornasiero et Ralston, 1992).

En conclusion, on peut dire que la chimie complexe des xanthates associés a la réactivité
mportante de la surface des sulfures ameéne donc des mécanismes variés de fixation des

xanthates a la surface des sulfures.

1.4.3 Fixation des xanthates a lasurface de la pyrite et de I’arsénopyrite
La fixation des xanthates a la swrface de la pyrite et de Tarsénopyrite a fait 'objet de
nombreuses études (exemples : Buckley et al., 2003; Bulut et Atack, 2002; Diaz et Gochm,
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1993; Lopez-Valdivieso et al., 2005; Mermillod-Blondin, 2005; Monte et al., 2002; Pecina et
al., 2006; Ralston, 1991; Smart, 1991; Wang et Forssberg, 1991). L’hydrophobie conférée a
la pyrite et Parsénopyrite a travers l'ajout de xanthates dans la pulpe se fatt par des
mécanismes d’adsorption et/ou de réactions chimiques qui dépendent de 1’état de surface des
sulfures et des conditions physico-chimiques de la pulpe. Amsi, une oxydation élevée de la
surface des sulfures qui entraine la formation d’une couche importante d’oxy-hydroxydes
hydrophiles peut contrebalancer le film hydrophobe formé par I'adsorption de xanthate et
aboutir & une « hydrophobie nette » non suffisante pour la flottation (Mermillod-Blondm,
2005; Wang et Forssberg, 1991). L’adsorption de xanthates a la surface des sulfures (valable
pour pyrite et arsénopyrite) est un procédé anodique i la surface du sulfure qui fournit
I'oxydant. Il peut s agir d’oxygene adsorbé, d’hydroxydes de fer ferrique, d’ion ferrique libre
ou d’oxy-sulfures (S,05"). La phase xanthée adsorbée a la surface de la pyrite peut étre sous
forme de xanthate adsorbée, de complexe métal xanthate ou de dixanthogene (Figure 1.4). La
phase la plus observée quelles que soient les conditions physico-chimiques a la surface de la
pyrite est le dixanthogéne qui est le plus souvent tenu pour responsable de I'hydrophobicité
des sulfures (Bulut et Atak, 2002; Mermillod-blondin, 2005). A pH acide, la présence de
complexes de xanthate de fer ferrique contribue également a4 former un film hydrophobe.
Dans ces mémes conditions, la formation de complexcs de xanthates de fer ferreux est
également possible mais il est thermodynamiquement instable et s’oxyde alors en

dixanthogene (Figure 1.4).
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Figure 1.4 Schémas des différents modes d’adsorption des xanthates a la surface de la pyrite
(adapté de Wang et Forssberg, 1991et Mermillod-Blondmn, 2005)
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Le xanthate est un ligand qui peut donc former un complexe avec les métaux présents a la
surface des sulfures. La liaison aux cations métalliques par la fonction disulfure peut étre de
nature monodentate ou bidentate tel qu’illustré par la Figure 1.5 (Szymula et al, 1996,
Tiekink et Haiduc, 2005), mais la majorité des structures métal-xanthates ont des modes de
coordinations mtermédiaires entre les structures mono et bidentate. Les xanthates peuvent

¢galement se¢ fixer 4 des produits d’oxydation ferriféres présents a la surface de la pyrite

(Fornasiero et Ralston, 1992; Memillod-Blondin, 2005).

Xanthate |[A)| Chaine alkyl B) Chaine alkyl
hydrophobe hydrophobe

Interaction faible

Cation

Liaison covalente

Soufre

Pyrite cristalline

Figure 1.5 Modes de coordination des structures métal-xanthate : A) bidentate et B)
monodentate (schéma adapté de Szymula et al., 1996)

I.’adsorption de monothiocarbonate (cf. section 1.4.21.4.2) a la surface de la pyrite a parfois
été observé (Cases et al, 1989, Harris et Finkelktein, 1975) et la possibilité de la formation
d’un complexe soufre élémentaire-xanthate stable ne peut étre écartée (Tiekink et Haiduc,
2005; Wang et Forssberg, 1991). Les conditions physico-chimiques, qui influent a la fois sur
la composition des especes oxydées et sur la chimie des xanthates, ont un mpact important
sur la composition des phases xanthées adsorbées et ansisur 'hydrophobicité conférée. Les
conditions acides, qui provoquent la mise en solution de fer ferrique de la surface des sulfures
favorisent I'adsorption de xanthate 4 leur surface (Fornasiero et Ralston, 1992; Jiang et al.,
1998). D’apres des travaux de Jiang et al. (1998) et Wang <t Forssberg (1991), les faibles
récupérations obtenues & des pHs autour de la neutralit¢ (Fuerstenau et al, 1968; Mermillod-
Blondm, 2005; Swkeci, 2000) sont attribuables a la formation de compkxes de fer ferreux-
xanthates hydroxylés faiblement hydrophobes. La fixation des xanthates a la surface des

sulfures, du fait des réactions d’oxydoréduction misent en jeu, entrame la dissolution des



22

especes d’oxydation présentes a la surface des sulfures, et provoque ainsi un « nettoyage des
surfaces » (Kongolo, 1991; Mermillod-Blondin, 2005; Ralkton, 1991; Smart, 1991; Wang et
Forssberg, 1991). D’apres les travaux de Wang et Forssberg (1991), la dissolution des
espeéces hydrophilkes (oxy-hydroxydes et sulfates) permettrait de révéler une surface
hydrophobe riche en soufre due a la différenciation intiée par I'oxydation des sulfures
(Figure 1.3). L’adsorption des xanthates a la surface de larsénopyrite suit les mémes
réactions d’oxydoréduction décrites par la Figure 1.4. La prncipale phase observée est
également le dixanthogéne bien que des complexes arsénites-xanthates (As(III)) aient &t
également mis en ¢vidence (Ma and Bruckard, 2009; Persson, 1994; Valli et al, 1994;
Yekeler et Yekeler, 2005). A pH basique, la formation d’oxydes de fer et de réalgar (AsS)
serait 3 'origme de la dépression de larsénopyrite car ils empécheraient I'oxydation des
xanthates en dixanthogéne en empéchant le contact de ceux-ci avec les sites anodiques de la
surface (Beattic et Poling, 1987, Vreudge, 1982). D’aprées une étude effectuée par Wang et al
(1989) sur de Iarsénopyrite pure, les ions Cu®" activent I’arsénopyrite par la formation a pH
acide de sulfure de cuivre et d’arsenic (CuAsS) et a pH basique d’arsenites (Cus(AsOy)) et
d’arseniates (Cuy(As(,),) de cuivre qui favorisent 'adsorption du collecteur. Li et Zhang
(1989) rapporte aussi la formation de CuS & la surface de I'arsénopyrite favorisant la

flottation de ce mméral

La détermmation du taux de recouvrement statistique des xanthates est essenticlle 4 la
compréhension de leurs mécanismes d’adsorption sur ks sulfures en vue de leur flottation. Te
taux de recouvrement statistique est détermmé a partir de parametres tels que la quantité de
xanthate adsorbée, la surface spécifique du mméral et I’encombrement stérique du collecteur
avec pour hypothése un recouvrement uniforme de la surface des sulfures par les xanthate.
L’organisation ¢t la distribution du film hydrophobe peut cependant étre hétérogéne mais
I’hypothése d’un recouvrement uniforme permet tout de méme d’appréhender les
mécansmes responsables de la flottation des sulfures (Granville et al, 1972). L étude de
Granville et al. (1972) souligne le manque de précision au sujet des parametres utilisés pour
calculer ce taux de recouvrement. Cette remarque est également d’actualité en ce qui

concerne I'encombrement stérique des xanthates. e Tableau 1.4 présente une synthése des
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valeurs utilisées dans la littérature en fonction du type de xanthate amnsi que les méthodes

employées pour déterminer cet encombrement stérique.

Tableau 1.4 Valeurs d’encombrement stérique superficiel de différents types de xanthates
utilisées dans la littérature pour calculer le taux de recouvrement des xanthates

Encombre ment
Xanthate Méthode ou source ufilisée Référence
stérique (A*/maéaile
de xan thate)
EthylX 29 Arwe maximale de la section Gaudin, 1946
transvems ale d’une chaine carbonée
. Finkelstemn et al. ,
EthylX 29 Gaudim, 1946 _
1975; Prestidge et
Ralston 1996
) Arre de la maille cristalline de la galéne
EthylX 35 . Granville et al., 1972
{(hypothése : adsorption dune molécule
de xanthate par maille cristalline)
IsopropylX 29 Arwe maximale de la section Gaudin, 1946
transvemale d’une chaine carbonée
Ts obutyTX 30 Hypothése Granville etal (1972) Allison et O Connor,
appliquée a la pyrrhotite 2011
AmylX 23 Arre de la section transvemsale du Gaudm et
groupement C3, Schuhmann, 1936
Kongolo, 1991,
Ts oanty1X 29 Hypothése Gaudin, 1946 Mermillod-blondin
2005; présente theése
Hexy X 29 Hypothese Gaudm, 1946 Fmke stem et al,,
1975
Hypothése : ads omption de deux Fredriksson et al.,
HeptyIX 23 )
molécules de xanthate par maille 2006

cristalline de ZnS synthétisé

Bien que les travaux menés par Gaudin (1946) déterminent I’encombrement stérique des

xanthates par la section transversale du groupement CS,; ou de la chaine carbonée, Granville

et al (1972) recommande d’utiliser 'aire de la section (100) de la maille é¥mentaire du

sulfure pour les xanthates a chamnes linéawres. Cette méthode est €galement emplovée pour
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détermmer le taux de recouvrement des xanthates sur différent sulfures (pyrite, galéne,
sphalérite) a travers les travaux de Fuerstenau et al (1990) et Allison et al. (2011). En
revanche, pour les chamnes longues et/ou ramifiées, cette méthode n’est pas conseillée
(Granville et al, 1972) car celles-ci ont une plus large section transversale que leur
équivalent & chame linéaire (Somasundaran, 2006). I’encombrement stérique superficiel,
également appelé aire de recouvrement spéeifique des xanthates, a ét¢ défmie par Gaudin
(1946) comme &tant 'awe de la section transversale de la molécule. 11 est possible de caleuler
cette aire en prenant en compte la longueur des limisons mteratomiques et un angle

tétraédrique de 109,5° caractéristique des chames hydrocarbonées saturées.

L’efficacité de la désulfuration environnementale par flottation est tributare des mécanismes
fondamentaux qui sont a la base de la formation d’un film hydrophobe autour des sulfures a
collecter tout en devant tenir compte de Ieffet du procédé antérieur sur la physico-chimie des
surfaces. Il s’agit donc d’atteindre une meilleure compréhension de 'adsorption des
collecteurs sur différents sulfures a I’échelle mokculare de fagon a pouvor améliorer les
pratiques de la désulfuration a 1’échelle de la collection du concentré de sulfures par flottation

en laboratoire.

1.5 Objectifs et hypothéses

Les études antérieures effectuées sur la désulfuration par le biais de la flottation ont pu
démontrer 1'efficacité de ce procédé a produire un résidu non générateur d’acide et un
concentré de sulfure plus ou moins dilué et ce pour des typologies de minerais différentes et
des procédés différents (présence ou non de cyanures). Cependant, 4 ce jour, k potentiel de
génération de dramage neutre contammé (cas de I'arsenic en particulier) des résidus de
désulfuration reste encore une préoccupation (Bussiere et al, 2005). D autre part, la présence
potenticlle d’arsénopyrite dans les rejets mniers n’a pas encore été abordée dans les études
antéricures consacrées a la désulfuration environnementale. 11 en est de méme pour ce qui est
des sulfures de taille grossiere (150 um) et leur comportement durant la désulfuration. Cette
demieére problématique trouve a ce jour une application dans le cas du minerai d”hémo-

ilménite exploité par Rio Tinto Fer et Titane (Dumais et al 1999).
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Au vu de ce qui a été énoncé, les principaux objectifs de ce travail de recherche sont les

suivants :

i défmir des méthodes de concentrations de sulfures adaptées a la désulfuration de

produits miniers possédant des caractéristiques mméralogiques et granulométriques diverses.

1. caractériser les mécansmes fondamentaux a la base de la constitution d’un film
hydrophobes permettant la flottation des sulfures, notamment de la pyrite de taille grossiere

et de 'arsénopyrite, dans le but de diminuer le potentie] polluant des produits miniers.
De cela découle quatre différents objectifs spéeifiques :

a) Optimisation de la désulfuration de pyrites a Iétat grossier (supéricures a 150 pm),
par I'amélioration des rendements de désulfuration et caractérisation des mécanismes
d’interaction entre différents types de xanthates et les especes superficiclles présentes a la

surface de différentes fractions de pyrites.

b) Optimisation de la désulfuration de I"arsénopyrite et compréhension des mécanismes

surfaciques mtervenant dans la flottation de ce sulfure.

c) Caractérisation des eaux de drainage et évaluation du potentiel polluant des rejets de
désulfuration produits lors de cette étude; applications au cas des mmerais de la mme Lapa et

la mme Tio.

L hypothése principale, 3 savoir que la désulfuration environnementale produit un rejet
désulfuré qui respecte les normes environnementales en termes de DMA et méme de DNC,
est & la base de ce projet. 11 faut aussi démontrer que : 1) les mécansmes surfaciques connus
de la flottation de la pyrite de taille typique, s’appliquent pour la pyrite grossiére et a
larsénopyrite de taille typique de rejet minier, 1) le résidu désulfuré produit n’est pas

générateur de DNC (cas de I'arsénopyrite).

1.6 Structure de la thése

Le présent chapitre (chapitre 1) offre une synthése non exhaustive des connaksances

concernant les travaux de désulfuration amsi que sur 1’état de surface de sulfure tel que la



26

pyrite et 'arsénopyrite et "adsorption de xanthate a keur surface. De nombreuses revues de
littérature trés completes ont été écrites parmi lesquels Rao (1971), Tiekink et Haidue (2005)
et Lotter et Bradshow (2010) sur la chimie des xanthates, Rimstidt et Vaughan (2003) et
Murphy et Strongin (2009) sur la caractérisation surfacique de la pyrite; Corkhill et Vaughan
(2009) sur la camactérisation surfacique de I'arsénopyrite. Les mécanismes d’activation, de
dépression et de collection des sulfures en flottation ont également fait 1"objet d’états de Iart
(Bruckard tal., 2011; Chandra et Gerson, 2009, Duc, 1992; Memmillod-Blondin, 2005), ams1
que Ia flottation des particules grossiéres (Jameson, 2010; Newcombe et al., 2012).

Pour répondre aux objectifs de la thése, celle-ci est composée de 7 autres chapitres. Te
chapitre 2 conceme la caractérisation surfacique de pyrites pures de trois fractions couvrant
une large gamme granulométrigue (32 um a 400 pm) aprés broyage, oxydation et
conditionnement pour la flottation & différent pH. Des outils d’analyse surfacique
complémentares sont combmés de fagon a évaluer la structure tridimensionnelle de la
surface de la pyrite tels que la spectroscopie aux rayons X (XPS) et la spectroscopic
mfrarouge a transformée de Fourier (FTIR), qui ont respectivement une profondeur d’analyse

de quelques nanometres et de quelques microns.

Le chapitre 3 décrit I’adsorption de différents types de xanthates sur les différentes fractions
de pyrite pure. L'mpact de la longueur de la chame ct k degré de ramification de la chame

alkyl est évalué a travers la composition et la quantité de phases xanthées adsorbées.

Le chapire 4 décrit application de la désulfuration environnementale au minerai d’hémo-
ilménite de Rio Tinto Fer et Titane par I'utilisation de xanthate & chame longue sur la
flottation de la pyrite grossire contenue dans ces minerais en vue de dimmuer les émissions
de S50,. Les tests de flottation ont ét€ menés a I'échelle du laboratoire en cellule Denver et

I'influence du pH de conditionnement et de 1"ajout d’activant ont été également étudiés.

Le chapitre 5 permet de s’intéresser 4 un autre minéral et décrit amsi I’évolution de 1'état de
surface de l'arsénopyrite pure suite au broyage et au conditionnement (pH, activant,
collecteur). Comme pour I'étude surfacique de la pyrite, les outils d’analyse surfacique de
spectroscopie de rayon-X et infrarouge a transformée de Fourier sont utilisées. 1. ablation

ionique couplée a la spectroscopie aux rayons X a été utilisé afin d’évaluer la composition
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chimique des phases oxydées sous-jacentes car la spectroscopie mfrarouge s’est avérée
mncapable de caractériser de fagon satisfaisante la surface de Iarsénopyrite en rasson de la

faible abondance des phases oxydées (faible épaisseur).

Le chapitre 6 développe une application de la désulfuration environnementale en vue de
prévenir la formation de drainage neutre contaminé a I"arsenic pour les rejets de la mine Lapa
(Agnico-Eagle Mine 1td.). I.’arsénopyrite est la principale phase arsénifere du mmerai. Les
tests ont €€ menés a I'échelle du laboratoire sur ke site de la mine Lapa pour travailler sur des
pulpes non vieillie et représentatives du procédé. 1.'influence de différents parametres tels
que ke pH de conditionnement, le type de xanthate et I'activation au sulfate de cuivre sur la

récupération et la emétique de flottation a &t évalug.

Ensuite, le chapitre 7 correspond a la caractérisation environnementale des produits issus de
la désulfuration du minerai de la mine Lapa en vue d’évaluer I'efficacité de la désulfuration
environnementale pour la prévention du drainage neutre contammé a I'arsenic. Des tests
statiques et cmétiques en mmi-cellules d’altération sont utilisés comme outil de
camctérisation environnementale. Les phénomenes de sorption sont Sgalement pris en compte

dans I'étude.

Enfin, le chapitre 8 rassemble les principales conclusions et recommandations ssues de ce

travail de doctorat.

1.7 Originalité et principales contributions

Ce projet s’mscrit d'une part dans la contmuité d’un ensemble de travaux portant sur la
recherche d’outils visant 4 diminuer le potentiel polluant de produits mmiers lors ou apres
leur traitement, et d’autre part dans la continuité¢ d’¢tudes permettant d’améliorer la
compréhension des mécanismes surfaciques intervenant durant la désulfuration par flottation.
L originalité de cette thése repose en partie sur I'utilisation conjomte de deux techniques de
caractérisation surfacique complémentaires (XPS et FTIR) pour I’étude fondamentale de la
pyrite et de I'arsénopyrite de haute pureté. Le présent projet a permis d’évaluer I"impact de la
granulométrie sur la composition chimique surfacique de la pyrite ansi que sur I’adsorption

de xanthate de longueur de chaine différente. Ce projet contribue donc a une meilleure
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compréhension des mécanismes de formation des phases oxydées a la surface de différents
types de sulfures ainsi qu’a une meilleure connaissance au sujet des mécanismes d’adsorption
des xanthates en fonction de leur type de chame et de la granulométric des sulfures. Par
ailleurs, Les études de la flottation de particules grossieres appliquée a un produit minier sont
peu présentes dans la littérature. Enfin, la principale originalité de ce projet est d’ouvrrr ke
champ d’utilisation de la désulfuration environnementale en tant que gestion intégrée des

rejets miniers 4 un champ plus large de dimmution du potenticl polluant des produits mmiers.
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2.1 Abstract

A surface chemical approach of different pyrite size fraction s developed m this paper in the
prospect of addressing the well-known coarse pyrite flotation challenge for environmental
purposes. This work aims at exploring the effect of particke size on pyrite surface chemistry
through the study of three pyrite size fractions up to 425 pm. Pyrite surface evolution was

mvestigated through dry crushing, awr oxidation and aqueous conditioning using X-Ray
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photoelectron spectroscopy (XPS) and diffuse reflectance infrared spectroscopy (DRIFT) as
complementary surface characterization took. XPS, which characterized the outmost surface
(about 40 A depth), indicated that pyrite size fraction did not impact its surface chemistry
after crushing. However, DRIFT which characterizes the whole oxidation layver, led to the
conclusion that ferric sulphate was more abundant in the fmer fraction than in the two coarser
fractions. Those two surface characterization tools allowed a thorough insight mto the three-
dimensional oxidation products structures of pyrite from different size fractions. The surface
evolution of coarse fractions had the same surface evolution trend when submitted to aging
and conditioning processes than the fine pyrite size fraction, studied in previous works, in
terms of surface species speciation and their relative proportion. Those results led to a better

understanding of particle size impacts on pyrite surface chemistry.

2.2 Introduction

Pyrite, as a quasi-ubiquitous and usually barren mineral, i often encountered within mie
tailings generated by polymetallic ore processing plants. This metallic sulphide can be the
source of contammated (acid or neutral) mine dramage when it oxidizes under certain
conditions (Auberti et al., 2002). Tailings desulphurization using flotation in order to control
acid mine drainage has already been proved successful on several mine tailings (Benzaazoua
et al, 2008; Benzaazoua ct al, 2000, Benzaazoua and Kongolo, 2003; Bruckard and
MecCallum, 2007; Kongolo et al, 2004; Leppinen et al, 1997, Yalcin et al, 2004). However,
flotation faces some limitations as in the case of coarse particles encountered n some mine
products. For example, n the hemo-ilmenite ore exploited by Rio Tmto Fer et Titane (RTFT)
at Sorel-Tracy (Canada), pyritc occurs mamly as coarse particles and i clminated by
roastmg, resulting in large amount of SO, emissions m the atmosphere. Reducmng this
pollution, i order to meet the requirements of more severe regulations, by environmental
desulphurization using flotation prior to roasting, i a promising option. Ideally, the latter
should be performed without additional grinding to facilitate pyrite flotation as further
grinding 18 not economic for the operator. Coarse pyrite flotation is a technical challenge that
has been addressed mamly through hydrodynamic considerations (De Gontijo et al., 2007,
Jameson, 2005; Rodrigues et al, 2001; Shahbaziet al., 2008; Tao, 2004; Van Deventer et al.,



31

2002) and little through surface physico-chemistry mvestigations (Brito ¢ Abreu and Skinner,
2011; Dunn et al, 1993).

Surface chemistry of pyrite prior to collector addition may vary depending on many factors.
Among these factors, the grinding conditions and the pulp physico-chemistry are very
mportant (Cases et al, 1989, Cases et al, 1993; De Donato et al, 1999; De Donato et al.,
1993, Huang et al, 2006; Kongolo et al, 2004). Pyrite surface s influenced by both the
conditioning and the flotation stages and its control is of major importance in sulphide ore
flotation. During the conditioning step, pyrite surface chemistry directly affects the collector
adsorption ability (Cases and De Donato, 1991; De Donato et al,, 1989; Kongolo et al., 2004,
Memillod-Blondm, 2005). During the flotation stage, the successful attachment of pyrite
particles to bubbles depends on two sub-processes which are: (i) the bubble-particle collision
followed by (11) the water film dramage between the bubble and the particle, referred as the
adhesion process (Derjaguin and Dukhm, 1961; Sutherland, 1948). While the collision
process i clearly under hydrodynamic control, the adhesion process depends on the frother
properties (Finch et al, 2008) and mostly on the particle hydrophobicity (Lotter and
Bradshaw, 2010). The distribution of sites likely to fix collector at the pyrite swrface i
heterogeneous as demonstrated m many previous works (Bulut et al,, 2004; Bulut and Atak,
2002; Hung et al., 2004; Mermillod-Blondin, 2005; Murphy and Strongin, 2009; Wang and
Forssberg, 1991). However, the hydrophobicity generated by the adsorption of collector on
those specific pyrite surface sites (ferric sulphate or ferric oxyhydroxide rich sites) may be
counterbalanced by the presence of hydrophilic species at the pyrite surface (ferric hydrated
hydroxyled sulphate and calcmm rich phases) (Memmillod-Blondm, 2005). The balance
between reactive sites and hydrophilic sites strongly influences particle flotation and pyrite
surface chemistry control is therefore determmant to favor collector mduced hydrophobicity.
Difference m some sulphides reactivity (galena and chalcopyrite) toward grinding media as
function of particle size was outlined by Peng and Grano (2010) with fine partic les bemg
more easily oxidized (more oxidation products coverage) than the ntermediate fractions. It is
mnferred here that the well-known poor flotation performance of coarse pyrite may be partly
related to difference in surface chemistry (oxidation products speciation and coverage) that

will influence the overall hydrophobicity and may lead to different reaction mechanism for
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collector adsorption (type of phases adsorbed and coverage). The different layers of oxidation
phases have different role during the flotation process. The outmost layer created after
grinding may be partly dissolved during conditioning and the underneath layer can also be
dissolved during xanthates adsorption so that deeper oxidation products will eventually
surface and influence the overall hydrophobicity (Ralkton, 1991; Smart, 1991; Wang and
Forssberg, 1991). The characterization of the whole oxidation layer from the outmost part to
deeper layers i therefore mportant to fully appreciate the mfluence of pyrie surface

chemistry on the flotation performances.

Pyrite surface chemistry, as a complex system, has been extensively studied using a wide
varicty of surface science tools, particularly spectroscopic techniques, such as X-ray
photoekctron spectroscopy (XPS) and diffuse reflectance mfrared Fourier transformed
spectroscopy (DRIFTS). XPS s a powerful technique at atomic scale that identifies the
oxidation products present at the outmost pyrite surface with a signal covering about 40 A of
the mineral (if no ionic ablation is applied). Sulphide samples characterzed by XPS vary
from slabs (Chandra and Gerson, 2010; Mycrott et al., 1990; Nesbitt et al., 1995), vacuum-
cleaved surfaces (Letwo et al, 2003; Pratt et al., 1998), to hydrothermal synthetized powders
(Abraitis et al., 2004), dry ground powders (Brienne et al., 1996; Bulut et al, 2004; Caldeira
et al, 2008; De Donato et al, 1999; De Donato et al., 1993; Fuerstenau et al., 1990,
Godocikova et al, 2002; Jiang et al, 1998; L.opez Valdivieso et al., 2006) and wet ground
powders (Hacquard et al., 1999; Huang and Grano, 2006; Huang ¢t al., 2006; Ye et al., 2010).
Dry crushmg was used to prepare the pyrite size fractions as it reflected the mdustrialreality
of RTFT ore processing site at Sorel-Tracy, (Canada) which only uses cone crushng as
commimnution, although this comminution process might not be often used m the mining
mdustry as wet grinding would be (Bruckard et al 2011). The authors assume that one hour
pH conditioning is sufficient to bring the mmeral surface m equilbrum with the solution
(Brienne et al., 1996; Bulut et al, 2004, Caldera et al., 2008; De Donato et al., 1999, De
Donato et al, 1993; Fuerstenau et al, 1990; Godocikova et al, 2002; Jiang et al, 1998;
Lopez Valdivieso et al., 2006).

Diffuse reflectance mfrared Fourier transformed spectroscopy (DRIFT) is used to identify

oxidation products present at the pyrite surface at molecular scale with a penetration depth of
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the IR radiation covering the first 25000 A (De Donato et al, 1993). Coarse particles
characterization using DRIFT has featured n a few recent publications like Nocentmi et al
(2010) who used infrared diffuse reflectance to investigate four charcoal fractions from <0.5
mm to 2 mm with high quality spectra for all fractions. Carmona-Quiroga et al. (2009)
applied diffuse reflectance to limestone and granite with size fraction from 45 pm to 425 pm
and obtained high quality spectra for size fractions up to 90 pm for granite and 125 pym for
limestone. Dunn et al. (1993) obtained also high quality spectra on four pyrite fractions from
less than 20 pm to 90 pm. Furthermore Jiang et al (1998) succeeded in floating in micro-
flotation cell pyrite up to 150 pm but without any surface characterization.

Pyrite reactivity, composition and electrical propertics have been widely reviewed in many
studies (Abraitis et al, 2004; Hu et al, 2006; Murphy and Strongin, 2009; Nesbitt et al.,
1995; Rimstidt and Vaughan, 2003). However, the need for further and more detailed
understanding of surface oxidation species organization and speciation i still important as

discussed m the recent review paper of Murphy and Strongin (2009).

The mam purpose of this work s to mvestigate pyrite surface evolution as a function of
particle size up to 425 um m different conditions (after crushing, agmg and conditioning at
different pHs) in the prospect of Inking these findings to the collector surface adsorption
ability. Such pyrite surface evolutions are mamly mvestigated here by XPS and DRIFT,
where DRIFT resolution i tested for pyrite particles size up to 425 pm. Spatial distribution

of these oxidized species s alko discussed.

2.3 Material and method

2.3.1 Samples preparation

High grade pure pyrite samples were obtamed from the Huanzala mine site (Peru), a Zn-Pb
ore of adularia-sericite type (Imai, 1999). For the experiment, minerals were dry crushed m a
closed anvil steel mortar and pestle (Abich’s mortar components and use are fully described
m Rose (1845). Pyrite was then sieved to obtan one of the three different size fractions
needed for the experiment (F1=32-63 ym; F2=63-150 pm; F3=150-425 um). Cycles of
crushing (three blows) and sieving of one of the fraction were repeated with withdrawal of

the targeted sieved fraction and of the overcrushed fraction at each cycle until enough
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samples were created for the experiment. The fractions were obtained separately, but this
procedure ensures that similar energy and crushing time (as three blows) is applied to create
the samples whatever the fraction. It is assumed that the three fractions can be compared as
resulting from a similar crushing time. The F1 fraction was used as a reference fraction
proved to result in high quality spectra with DRIFT. The F2 and F3 fractions were chosen as
the major coarsc pyrite fractions present m an existing case, the hemo-ilmenite ore treated at
the Rio Tinto, Fer et Titane (RTFT) smelter in Sorel (Quebec, Canada). The crushed samples
were stored n a freezer in an airtight bag and used within three days to avoid surface
oxidation. Mineral aqueous conditioning was realized by addition m a centrifuge tube of 2
grams of pyrite into 20 mL of a solution of ultrapure water (Millipore filtration system, 18.2
MQ.cm at 25 °C) containing different NaOH concentrations. Testing tubes were then placed
on a rotory shaker at a constant temperature of 30°C for one hour. The amount of NaOH
added was calibrated to obtain the targeted pH value at the end of the pH conditioning time
(1 hour). The solid and liquid phases were then separated by centrifugation (10000 RPM for
20 minutes). The equilibrium solution was analysed for pH and Eh, the filtered solid was
dried on a filter paper for a short time, sampled and analyzed by DRIFT. The sample
analyzed by XPS was stored undried in a nitrogen filled glove box to avoid oxidation. Some
samples were stored at room temperature to evaluate the impact of ar-oxidizing conditions

(aging) on the different pyrite size fractions.

2.3.2 Physical, chemical and mineralogical characterization methods

Specific gravity (G,) of the pyrite sample was determined with a helium pycnometer
(Micromeretics, Accupye 1330). Particle size distribution of sieved fractions of pyrite was
determmed us mg a Malvern Mastersizer laser partick size analyser. The Specific surface arca
(SSA) was analyzed by a Micromeritics surface area analyser usmg the B.E.'T method
(Brunauer ct al, 1938). The chemical composition of the high grade pyrite sample was
evaluated through a complete digestion in HNOs/Br,/HCVHE; the obtained solution was then
analyzed using an iductively coupled plasma and atomic emission spectroscopy (ICP-AES,
Perkin Elmer). Mineralogical characterization was carried using Bruker A.X.S. D8 advance
x-ray diffraction (XRD) mstrument equipped with a copper anticathode.
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2.3.3 Surface characterization instrumentation

2.3.3.1 X-ray photoelectron spectroscopy (XPS)

XPS analysis were performed usimg a KRATOS Axis Ulira X-ray photoelectron spectrometer
(Kratos Analytical, Manchester, UK) equipped with a monochromated AlKa X-ray source
(hv=1486.6 €V) operated at 150 W. No charge neutralisation device was used for the analysis
of the pyrite samples. Spectra were collected at normal (90°) take-off angle and the analysis
area was 700300 um. The base pressure in the analytical chamber was 10° mbar during
XPS measurements. Wide scans were recorded using an analyser pass energy of 160 ¢V and
narrow scans using a pass energy of 20 eV (instrumental resolution better than 0.5 eV).
Charge correction was carried out using the C(1s) core line, settmg adventitious carbon signal
(H/C signal) to 284.6 ¢V (Mullet et al, 2008). Spectra for ron, oxygen and sulphur were
fitted using a Shrky background and a Gaussian/Lorentzian (70/30) peak model XPS
analyses were carricd at room temperature on pyrite samples after crushing for the three
fractions (reference state) and on the 150-425 um fraction after conditioning at natural pH for
comparison. The powder pyrite samples were mounted on the sample nub using scotch

double side conductive Cu tape.

2.3.3.2 Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS)

Infrared spectra were recorded with a Fourier transform infrared spectrometer Bruker IFS 55
equipped with a mercury-cadmium telluride (MCT) detector and connected to a diffuse
reflectance attachment from Harrick. Optical lne was adjusted to avoid contribution of
specular reflection. Sample preparation involved a 15% dilution of sample n KBr (Cases and
De Donato, 1991). Data were obtained in the range 7000-500 cm™ with a spectral resolution
of 2 em™ using a KBr backeround. All diffuse infrared spectra are shown in absorbance units
(log Rinr Reample, With R being the intensity of the diffused part) (De Donato et al, 1999, De
Donato et al, 1993).

2.4 Results and dis cussion

2.4.1 Physical, chemical and mineralogical characterization of pyrite samples

XRD spectrum (not presented herem) confirmed that pyriie samples were of high purity.
Trace mmerals may be present but could not be clearly identified through XRD analysis.
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Calculation from elemental analysis of the samples showed that pyrite samples were pure at

94 wt. % with a specific gravity of 5.2, typical of pyrite mmerals (Table 2.1).

Table 2.1 Physical and chemical analysis of pyrite sample

Ele ment Pyrite Sample
S (wt. %) 50.5
Fe (wt. %) 47.4
Pb (ppm) 4360
Cu (ppm) 3920
As (ppm) 250
Zn (ppm) 650
Bi(ppm) 470
Al(ppm) 50
Ca (ppm) 2070
Mg (ppm) 50
Mn (ppm) 40
Sb (ppm) 20
Co (ppm) 20
Ni (ppm) 10
Pyrite (wt. %) 94
Specific gravity (G;) 52

Physical characterizations of samples are presented mn Table 2.2 mdicatng the size

distribution of the different fractions and ther specific surface arca which decrease with

merease of particle size.

Table 2.2 Particle size analysis and specific surface analysis of the different pyrite size

fractions
Pyrite Sam ple
T1.32-63 pm T2: 63-150 T3 150-425 m
D10 (um) 37.8 945 148 3
D50 (unn) 60.7 1582 2285
D90 {um) 1056 2298 297 4
Cu<(D60/D10) 18 18 16
SSAT(7g) 011 706 003

! Micromeritic analyser

2.4.2 Surface characterization of different pyrite size fractions

XPS and DRIFT analyses, conducted on pyrite after crushing, and aging as well as after

aqueous conditioning at different pHs, are presented respectively in sections 2.4.2.1 and

2.4.2.2. For each technique, a quick literature review s presented as guideline for X-ray

photoelectron and diffuse reflectance infrared spectra interpretations. Sections 3.2 structure
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allows characterzation of the superficial oxidation layer from its outmost part with XPS
mvestigation to deeper analysis with infrared spectroscopy (Abraitis et al, 2000; De Donato
et al, 1993; Dunn et al,, 1993; Eggleston et al., 1996).

2.4.2.1 XPS analysis: outmost surface products characterization

XPS analysts presented m Table 2.3 was performed on the three size fractions of crushed
pyrite and on the coarser pyrite after conditioning and allows characterization of the outmost
surface products of these samples. Peak assignment was achieved through published binding
energy data (Table 2.3). Mam mterpretations arc argued on the bases of S(2p), Fe (2pa,),
O(15) and C(/s) core levels data.

- Interpretation of S(2p)spectra

S(2p) spectra were all fitted using doublets 2p;,, and 2p;,; separated by a spin-orbit splitting of
1.18 eV, a peak area ratio of 2:1 and same widths. Typical curve fitting obtamed for S(2p)
high resolution spectrum of the crushed F1 fraction & presented m Figure 2.1A and the
corresponding fitting parameters are reported in Table 2.3. The major contribution of the
S(2p) spectrum was the peak with bmding energy at 162.6 eV assigned to dsulphide from
lattice pyrite (Cai et al., 2009; Nesbitt et al., 1998). Its contribution & similar for all fractions
with a small mcrease with merease of particle size from 67 at. % for the F1 fraction and 72 at.
% for the F2 and F3 fractions. Conditionmg mcreases slightly the disulphide signal to 74 at.
% for the F3 fraction. The peak at 161.7 ¢V was assigned to monosulphide ion ssumg from
redox reactions since monosulphides formed by the rupture of S-S bonds are highly reactive
phases that oxidize rapidly nto sulphate or disulphide (Schaufuss et al, 2000). The
contribution of monosulphide ion decreases with increase of particle size and with

conditioning.



Table 2.3 XPS analysis of the pyrite samples and interpretation for S(2p), Fe(2p) and O(1s).

8¢

After
After crushing conditioning
(Natural pH)
Pyrite size . 63-150 pm 150-425 um 150-425 pm )
fraction 32-63pum (F1) (F2) (F3) (F3) Inter pretation
S(2p32)*  BEEV) BE V) BE V) BE V)
(FWHM  at% (FWHM  at% (FWHM at% (FWHM at% O.N. State Spedes
(e¥3) (el}) (el}) (V)
16170 @9 7.0 16166 0.9 69 16168 0.8 56 16180 0.9 2.8 S-11)  Swface  Monosulphide >°
16257 (0.7 66.7 16254 0.7 716 16254 0.7 718 16243 0.7 759 S-I) Latice ~ 'yrie (disulphide)
Elemental
16423 (1.6) 12.4 164.5(1.4) 128 16460 (1.6 124 1645¢1L49 150 S(0) Surface  sulphurfpolysulphide
ae
168.58 (1.1)  13.8 16860 1.5} 87 16860 (1.6) 103 1681720 63 VD) Surface Sulphate®™"*
Fe(2p BE (V) BE (V) BE V) BE V)
Pty (FRHM  at% (FRHM  at% (FWHM  at% (FWHM  at% O.N. State Spedes
> (V) (V) (V) (eV)
707 36 (0.9)  62.2 707 36 (0.9) 654 70736 (0.9) _ 66.2 70721 (0.9 67.1 Fe(ll) _ Ladlice Pyrie "
70903 2.2) 184 70903 2.2) 203 70903 2.2 19.6 70893 22 211 Fe(IVII) Surface Ffji;ﬁfhgfﬁ%D
71145 2.3 150 71145 2.3 107 71145 2.3 103 71140 2.3 94 Fe(IVII)  Surface Fe“ij;ﬁ:feﬂ@
71331 (2.2) 45 71331 2.2) 36 71331 (2.2) 4.0 71331 2.2 24 Fe()  Surface Fe (LD sulphale *
O(1s) BE &V) BE &V) BE V) BE V)
(FWHM at% (FWHM  at% (FWHM at% (FWHM at% O.N. State Spedes
(e¥)) (e¥)) (e¥)) (el
53010 (1.3] 28 33016 1.3 32 T0I0 0.7 62 SO 77 58 O SaTace T
53194 (1.6) _70.6 53186 (7.3 812 53188 (1.5 742 53145 1.9 58.6 O Smface Hy doxide ™™
- - - - - - 53292 (1.9 356 O(ID)  Suface  Adsorbed water >
53384 200 13.0 53382 20 107 53363 2.0 14.6 - - O(ID)  Surface Adf;;;‘;f?i“
53582200 93 53576 2.00 49 53577 2.0 81 - - O(ID) Surface Adsorbed water
electrically isola ed
53757 (20 43 - - - - - - O(Il)  Surface from pyrite °"

® Caiet al., 2009 ; ” Neshitt et al., 1998; © Pratt et al., 1996; ® De Donato et al.,1993; ® Peng et al., 2012 ;" Knipe et al., 1995; #Nesbitt et al., 2000; " Demoisson et
al., 2007; 'Mullet et al.,2008; 7 Atenas et al., 2005,



39

Table 2.3 (sutte)

* Spin-orbit doublets were used to fit the data of narrow scan S(2p) Only the S(2psp») peak position is indicated. S
(2psp) and S(2p, ) contributions were summed to obtain the total proportion of each sulphur oxidation state. **
Fe(2p s) high energy tail spectra have been fitted ignoring the known mmltiplet splitting of iron as a mean to offer

a relative quantification of the different chemical state of iron

The work of Schaufuss et al. (2000) outlines the presence of this high energy tail for pyrite
S(2p) spectra. This high energy tail has been reported to correspond to elemental sulphur,
polysulphide, thiosulphite and sulphate species (Nesbitt and Muir, 1995; Peng et al., 2012).
No attempts to separate elemental sulphur from metastable polysulphide have been made
since polysulphides presence, that may ako be referred to as metal deficient sulphide (S,
2<n<8), appears on XPS spectra with intermediate energies between 162.5 eV to 165.0 eV
due to different possible oxidation states while elemental sulphur is reported at 164.0 eV
(Nesbitt et al., 1998). Polysulphides arc therefore difficult to identify and separate from
clemental sulphur by XPS (Mycroft et al., 1990; De Donato et al., 1993; Nesbitt et al., 1998,
Cai et al, 2009; Peng et al 2012). In this work, the peak at ~164.4 eV & assigned to
clemental sulphur and/or polysulphide which were found at this energy in other works (Caiet
al, 2009; Demosson et al, 2008; Peng et al, 2012). Analyses at low temperature (liquid
nitrogen cooling) would have confrmed the presence of elemental sulphur which i volatile
m ultra-high vacuum at room temperature. The presence of clemental sulphur m XPS spectma
at room temperature implies that elemental sulphur was protected from sublimation by other
surface products overlayers (Demoisson et al, 2008). Toniazzo (1998) revealed the presence
of elemental sulphur not only at the base of oxidation products layer as already demonstrated
by De Donato et al (1993) but ako within the oxidation layer. Therefore the elemental
sulphur/polysulphides analyzed in this work could belong to the base of very thin oxidation
laver or to elemental sulphur/polysulphides mixed with oxides and sulphates from thicker
oxidation layer. Sulphates showed a pecak at 168.6 ¢V (Peng etal., 2012).
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Figure 2.1 XPS analyses of the F1 pyrite fraction (32-63 pm). Data and fitting of
narrow spectra A): S2p) and B) Fe(2p)

However given the broadness of this peak (FWHM up to 2 eV, Table 2.3) the presence of

thiosulphate camnot be excluded. Thiosulphate presence is however incertam as it partially
overlaps the sulphate peaks (Cai et al, 2009). Fujisawa et al. (1994) outlined the presence of

a broad satellite shake-up logs feature in the high energy tail of ${2p) spectra assigned to
S(3p) or Fe(3p) transition to S(2p). In some works, it i included as an unconstrained
contribution {Peng et al., 2012). However, since its binding energy shift and mtensity related

to lattice So” remamn unclear and that is comrbution is minor (Peng et al., 2012}, its
coniribution was not added to the S(2p) bt for the purpose of this paper.
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- Interpretation of Fe(2p;.) s pectra

XPS narrow Fe(2p;,) spectrum of the crushed I 1 fraction i presented by Figure 2.1B, as an
example of the XPS data since all Fe(2p.,.) spectra were fitted in the same way. The peak
Fe(II)-S at 707 eV corresponds to laftice pyrite according to literature. This narrow
symmetrical peak at a low-spm state (no multiplet splitting) is the major contribution to the
Fe(Zps;) spectrum as ako reported m Nesbitt et al (1998) and Mycroft et al (1990). Its
contribution to the Fe(2p,;) spectrum is up to 62 at. % for the F1 fraction, 65 at. % for the F2
fraction and 66 at. % for F3 fraction as illustrated in Table 2.3. Near this strong peak, there i
a high-energy tail that goes up to 714 eV. Many studies have proposed interpretation of this
wedge-shaped tail composed of multiplet peaks of both Fe(Il) and Fe(IIl) species (Mullet et
al, 2008, Mycroft et al, 1990; Nesbitt et al, 1998, 2000). Nesbitt et al. (1998, 2000)
distinguished Fe(Il) and Fe(Ill) multiplet allowing quantification of Fe(Il) over Fe(IIl)
surface product ratio. However, as this work aims at comparing the differences between
fractions, a relative quantification of the different chemical states of iron without taking mto
account the ron multiplet structure was adopted by using broad peaks shapes. This latter
approach was used m previous works (De Donato et al., 1999; Lin et al., 1997, Descostes et
al, 2001; Cai et al, 2009 and Peng et al., 2012) and avoids the difficulty and uncertamty of
separating overlapping multipkt peaks of Fe(Il) and Fe(III) (Mullet et al, 2008). In this
work, the high energy tail has been fitted with three peaks at 709.0, 711.5 and 713.3 ¢V, the
first corresponding to ferrous won oxide or ferric monosulphide, the second to ferric
hydroxide or ferrous sulphate and the thwd to ferric sulphate (Table 2.3). Ferric
monosulphide has been reported to form at the pyrite surface due to rupture of the S-S bond
and stabilization through electron transfer from adjacent ron sites by Nesbitt et al. (1998)
although pyrite fracture conditions were very different from this study (vacuum-fractured
pyrite). This hypothesis was corroborated through charge analysis by Von Oertzen et al
(2006). The presence of Fe(Ill)-S signals could ako be attributed to pyrrhotite impurities
within the pyrite samples (although no pyrrhotite could be detected by XRD) or to oxidation
after crushing (Demoisson et al. 2008).
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- Interpretation of O(Is) spectra

XPS narrow O(/s) spectra of the four samples are presented n Figure 2.2, as different fittings
were required for each spectrum. All samples show peaks at 530.2 eV and 531.9 eV
corresponding to oxide and hydroxide respectively (Nesbitt et al., 1998; Atenas et al., 2005;
Mullet et al., 2008). The spectra differ for peaks at higher energies. The crushed samples
(Figure 2.2A, B.C) have a peak at 533.8 eV which can be mterpreted as sulphate or adsorbed
water (Table 2.3). This attribution i uncertam due to overlapping peaks of sulphate and
adsorbed water. The peak at 532 eV appearing on the conditioned pyrite (Figure 2D) was
attributed to adsorbed water (Atenas et al., 2005; Mullet et al. 2008; Chandra et al, 2011b).
All crushed samples have spectra with a high energy tail fitted with two peaks at 535.8 eV
and 537.6 V. The high energy tail with binding energy above 535 eV scarcely appears in
O(/s) spectra but was encountered by De Donato et al. (1993), Knipe et al. (1995) and Pratt
et al (1996). The presence of this high energy tail was discussed m Knipe et al. (1995) and
confirmed by Pratt et al. (1996) as contribution of water clusters electrically isolated from the
sulphide surface, contrary to chemisorbed water n electrical contact with the sulphide, which
has a lower bnding energy between 532 eV and 533 eV. Adsorbed water clusters electrically
isolated from pyrite are more abundant in the 32-63 pm fraction (F1) with 14% of the total
O(7s) signal than m the two other fractions with 5% of the total O(/s) signal The high
energy tail of the O(/s) scan (attributed to adsorbed water clectrically isolated from pyrite) is
absent of the conditioned coarse pyrite spectrum. Instead, there s a 36 at % contribution at
532 ¢V (peak absent from the crushed pyrite spectra), assigned to adsorbed water in electrical
contact with pyrite. Chemisorbed water is present in the O(1s) scan of the conditioned coarse

pyrite fraction which does not present any high energy tail

The XPS namow C(l/s) spectrum did not present any specific mterest apart from
acknowledging the presence of carbonate with a peak at 288 ¢V (Peng et al., 2005). Further
evidence of carbonate presence by DRIFT.
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electrically solated from pyrite.



- Interpretation of calculated ratios

The total O(7s5)/S(2p) ratio is an ndicator of the alteration degree of sulphide (Table 2.4) and
iy calculated directly from the broad scan values (Duc, 1992). The fraction 32-63 um (F1) has
a surface that i a little more oxidized than the other two fractions with a ratio of 1.3 agamst
0.8 for the two coarser crushed fractions. The ratwo of the condtioned fraction does not
appear in Table 2.4 as the participation of the adsorbed water from conditioning in the O(1s)
signal biased the ratio. In this table, surface and lattice proportion of sulphur and ron were
calculated from the total element atomic percentage (broad scan) weight by the proportion of

the element as lattice or surface products as assigned in table 2.3 (narrow scan).

Table 2.4 Ratio of total lattice and surface elements calculated from XPS results of three
pyrite size fraction and the coarser fraction conditioned at natural pH

After grinding After conditioning
3263 pm  63-150 pm  150-425 pm 150-425 pm (F3)
(¥1) (¥2) (I3)
Total ratio
O(15)/ 8(2p) 1.3 0.8 0.8 /
Lattice ratio
Fe(20Y/3(2p) 0.4 0.4 0.4 0.3
Surface ratio
Fe(2p ¥S(2p) 0.5 0.5 0.5 0.5
Oxy-hydroxadegg/sulphatesy 7.1 7.3 6.1 6.8
Oxidation products (at% )
O(1s) (Oxy -hydroxide) 23.4 18.5 18.6 12.5
3(2p) (Sulphate) 33 2.5 3.0 1.8
3(2p) (Elemental
sulphur/polysulphides) 30 37 36 43
Lattice products (at%)
Fe(2p) (Pyrite) 6.1 7.8 8.0 7.0

The lattice ratio Fe(2p)/S(2p) 18 0.4 for all crushed fractions and 0.3 for the conditioned
coarse pyrite, which & almost the stoichiometric proportion of pyrite with a slight ron
depletion as already encountered in the literature (Smart, 1991). The oxy-hydroxide/sulphate
ratio indicates that the crushed fractions 32-63 um and 63-150 pm present surfaces with the
higher proportion of oxy-hydroxide over sulphate with a ratio of 7.1-7.3 followed by the
fraction 150-425 um with a ratio of 6.1. Conditioned coarse pyrite has higher oxy-hydroxide
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over sulphate amount (ratio of 6.8) than its equivalent crushed fraction while having a less

oxidized surface than the crushed fraction in term of lattice surface coverage (Table 2.4).

Fe(I)/Fe(Ill) ratio was not calculated due to overlapping Fe(Il) et Fe(Ill) multiplet peaks
(Mullet et al, 2008). The lattice signal of pyrite ncreased with increase of particle size,

suggesting less coverage or/and a thmner oxide layer.

In summary, XPS analyzed the oxidation state of about 40 A of the oxidation layer of the
three crushed pyrite fractions and of the conditioned coarser pyrite fraction. Iron sulphates,
oxide, hydroxide, elemental sulphur and lattice pyrite were identified m all samples. These
results confirm literature data reporting the co-existence of oxidized and unoxidized domans
at the pyrite surface (De Donato etal., 1993; Godocikova et al., 2002; Leiro et al., 2003; Pratt
et al, 1998). Not much difference appeared at first between the three crushed fractions,
mndicating that the outmost part of the superficial oxidized layer i quite identical whatever
the pyrite particle size. Slight differences arose with further analyses of XPS data: the 32-
63um fraction had the most oxidized surface and, among the three fractions, the 150-425 ym
fraction had the lowest oxy-hydroxide over sulphate ratio indicating that sulphate formation
i lower for the two coarser fraction as will also be stated by section 2.4.2.2. Conditioning of
the coame pyrite at natural pH for an hour resulicd in a hydration of the pyrite surface as
showed by the disappearance of the high energy tail of the O(1s) spectra and appearance of a
peak at 532 ¢V assigned to adsorbed water. It ako kd to partial dissolution of oxides and
quasi-total dissolution of sulphates.

Although Fe(II)/Fe(IIl) ratio could not be calculated due to overlapping Fe(Il) and Fe(III)
peaks, the three pyrite size fractions have almost the same proportion of each component of
the Fe(2p3/2) scan, indicating that whatever the Fe(II)/Fe(Ill) ratio is, the latter doesn’t
change significantly with pyrite particle size. The conditioned coarse pyrite, however, had
less contribution of the high binding energy peaks assigned to ferric sulphate and ferrous
sulphate/ferric oxides. As the solution pH is about 4.5, it s expected that dissolution affected
mainly the ferric sulphates and ferric oxides (Mermillod-Blondin, 2005).



2.42.2 DRIFTS analyses: surface products characterization

The following DRIFTS analyses have been conducted to obtan complementary
characterization of the inner part of the oxidized layer developed at the pyrite surface as
DRIFTS allows a deeper characterization of the oxidation layer than XPS. DRIFTS analysis
was performed on the three size fractions of crushed and aged pyrite as well as on aqueous
conditioned pyrite at different pHs. Diffuse reflectance mfrared Fourier transformed (DRIFT)
spectra peaks were assigned according to literature data (Tabk 2.5). Main mterpretations are
argued on the bases of sulphate amount and speciation. It may be reminded that the
characteristic IR absorption bands of pyrite are below 500 em™ (475, 348 and 293 cm™)
(Cases et al., 1995; De Donato et al, 1999). Consequently, all bands appearing on the DRIFT
spectra, in the range 2000-600 cm™ are mainly related to the oxidized species formed at the
pyrite surface (Cases et al, 1989, De Donato et al., 1999; De Donato et al., 1993). DRIFT
spectra could be divided into several peak groups as described in Cases et al. (1989), Cases et
al. (1993), De Donato et al. (1999), De Donato et al. (1993) and Kongolo (1991). The peak
oroup My, between 1500 cm™ and 1300 em™, is related to the superficial carbonate species.
The superficial sulphate species are expressed in the peak group M, between 1300 cm™ and
900 cm ' through two types of sulphate vibration modes: the symmetric stretch, 3, usually
split into 2 or 3 peaks i the infrared (IR) range of 1210-1040 cm™ (Dunn et al., 1992;
Evangelou and Huang, 1994) and the asymmetric stretch, v1, present as a single sharp peak
between 1030 em” and 960 cm” (Dunn et al, 1992; Evangelou and Huang, 1994). The
integrated area of the M, group IR peak (between 1300 cm™ and 900 em™) can be correlated
to the amount of sulphates present on pyrite surfaces (Dunn et al, 1993; Mermillod-Blondmn,
2005). The mtegrated arca of the sulphate IR peak of different particke size distribution
couldn’t be directly compared because the different components constituting the DRIFTS
signal, which are the primary reflection (pR), the primary adsorption (pA) and the diffuse
reflection (dR) (Leue et al. (2010) and reference therein) are affected by particle size. The
primary reflection increases and diffuse reflectance decreases when particles size mereases as
iy described m Leue et al (2010) thereby affecting the mtensity and the resolution of the
DRIFT spectra.



Table 2.5 DRIFTS mam peaks position and assignment of pyrite mfrared spectra.

DRIFT Position Iron Sulphate Band Assignment
group (em") oxidation vibration
number mode
3150-3550 - Lattice water or hydroxo-group »>*
1630 - Adsorbed water *
M, 1490 - Carbonate ¢
1430 - Carbonate ™
1310 il Goethite ©
M, 1245 m v3 Hydroxyl ferric sulphate *
1195 il v3 Ferric sulphate ™
1180 I v3 Ferric sulphate *
1155,1160 I v3 Hydrated ferric sulphate ot
1150 | v3 Ferrous sulphate f
1136, 1140 m v3 Ferric sulphate (cluster) gh
1120 /T v3 Ferrous and ferric sulphate at
11035 | v3 Ferrous sulphate &
1095 | v3 Ferrous sulphate d
1090 I v3 Ferric sulphate 1
1085, 1088 il v3 Ferrous sulphate ©
1075 il v3 Hydrated ferrous sulphate !
1060 /01 v3 Hydroxyl fernc sulphate or anhydrous
ferrous sulphate ®™
1045 il v3 Ferric sulphate **
1036 il vl Ferric sulphate ™
1018 m vl Hydrated ferric sulphate *
1012,1015 | vl Ferrous sulphate ¢
1005 I vl Ferric sulphate !
998 | vl Anhydrows ferrous sulphate &
980 | vl Hydrated ferrous sulphate !

47

* De Donato ¢ al., 1999; " Caldeira e al., 2003; ° Caldeira et al, 2010; "Evangelou and Huang, 1994; “Cases e al., 1993;
MermillodBlondin, 2005; *Durm e al, 1992; *Paul o al, 2005; ‘Cases @ al, 1995; ‘Evangelon et al, 1998; *Casesd al, 1989;

lCtases et al., 1990; "Burgina e al, 1996; "Boily & al, 2010
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Tablke 2.5 (suite)

DRIFT Position Tron Sulphate Band Assignment
group {em™) oxidation vibration
M, 867 il Carbonate ¢
792,794 - Tron oxide or oxy-hydroxide ™

762 - Tron oxide *
734 - Tron oxide or oxy-hydroxide |
713 - Carbonate *
669 - Iron oxide or oxy-hydroxide !
762 Iron oxide ’
642 - Tron oxy-hydroxide *
603 T v4 Hydrated ferric sulphate *
560 - Oxide or oxy -hydroxide &

*De Donato e al., 1999; ° Caldeira & al., 2003; ° Caldeira e al., 2010; “Evangelou and Huang, 1994; “Cases et al, 1993;
fMe]:millod—Blondin 2005; EDwmn et al, 1992; P aul et al, 2005; ‘Cases et al, 1995; jEvangelc-u et al, 1998; ECases e al, 1989;
Cases et 4., 1990; “Burginaet al, 1996; "Boily et al, 2010

Further investigations would be required to evaliate the contribution of pR and pA
components on DRIFT spectra signal mtensity allowing determination of a weight factor
correcting the mtegrated area of the sulphate IR peak from the particle size inflience.
Nevertheless, pyrite particles up to 425 pm were studied here and the sulphate surface area of
the different size fraction could be compared after normalization to the sulphate surface area

of each size fraction’s reference state (before aging or before conditioning).

The peak group M, between 900 cm ' and 560 em ' i complex and can be related to several
types of oxidation species that can form on the pyrite surface. Bands located in this section
were subject to controversies and were difficult to assign to specific species since there is a
meddlng of bands related to goethite, iron sulphate, ron oxide and ferrous sulphide probably
as well as a combination of different levels of solid transitions (Cases et al, 1989, Cases et
al., 1993; De Donato et al, 1999, De Donato et al, 1993; Kongolo, 1991). Therefore, the
present work focused on the mterpretation of the M, and M; peak groups m addition of water
related peaks (Table 2.5).
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Finally, no significant bands could be observed between 1900 cm ™' and 3100 cm ' indicating

that the samples were free from any organic pollution.

- Characterization after dry crushing with Abich mortar: reference surface state

The reference state corresponded to pyrite surface just after dry crushing. This reference state
was characterized using DRIFTS for the three pyrite size fractions (Figure 2.3). Figure 2.3
shows high quality spectra with clear band identification for all samples even for the coarser
pyrite fraction (150-425 um). The presence of well-defined absorption bands on the DRIFT
spectra (Figure 2.3) clearly mdicates that the surface oxidation layer of the three pyrite
fractions have a three-dimensional extension rather than a bi-dimensional one (De Donato et
al, 1993; Mermillod-Blondin, 2005). The XPS data were collected on about the first 40 A of
a thick oxidation structure. DRIFTS data can be interpreted as a global chemical
characterization of the oxidation layer pillar structure. The fraction 32-63 pum has a M; group
centered at 1105 cm™ assigned to ferrous sulphate (Dunn et al, 1992) (Figure 2.3B). The
shoulder at 1120 cm™ i assigned to a mix of ferrous and ferric sulphate (De Donato et al,
1999; Mermillod-Blondin, 2005). The weak peak at 1018 cm™ and the shoulders at 1195 ecm’
', 1155 cm™ and 1005 cm™ correspond to ferric sulphate species (De Donato et al, 1999;
Evangelou and Huang, 1994; Mermillod-Blondin, 2005). The two fractions 63-150 pm and
150-425 um (Figure 2.3B, C) had a similar M, group profile centered at 1085 em™
corresponding to ferrous sulphate (Mermillod-Blondmn, 2005) (center shifted toward lower
frequencies compared to the 32-63 um fraction) and a shoulder at 1155 cm™ assigned to
hydrated ferric sulphates (De Donato et al, 1999; Evangelou and Huang, 1994; Memillod-
Blondm, 2005). The mtegrated surface arca under the sulphate IR peaks (A(F1)) decreased
with increase of particle size (A(F1)=8.7; A(F2)=4.6; A(F3)=2.6 a.u.”) as shown in Table 2.6.

This decrease s mainly due to two phenomena:

- the decrease of the mtensity of the diffuse part (Repie) due to the predommance of

the specular reflection component.

- the decrease of the amount of superficial sulphate species due to the reduction of the
crushing energy needed to produce each fraction (even if crushing procedure

mtended to minimize those differences).
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Figure 2.3 DRIFT spectra of three pyrite size fractions after crushing; A): broad spectra from
4000 cm™ to 500 cm™; B) and C): narrow spectra from 1350 cm ™ to 900 cm'; a: 150-425 pm
b: 63-150 um; c: 32-63 pm (Note change of scale).

Pyrite size fraction 32-63 pm showed a peak of weak itensity at 1430 cm™ that may be
assigned to the symmetric stretching vibration of C-O bond (Calderwa et al, 2008). The latter
was absent m the other two fractions cither because its intensity was too weak to be
distinguished from the signal noise or because coamser pyrite, having a less reactive surface

area, had not reacted with ambient CO, to produce iron carbonate (Caldeira et al., 2008).
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The hydration of the 32-63 pm fraction was underlined by the peak at 1630 cm™ assigned to
adsorbed water molecukes (scissoring vibration mode), and peaks at 3300 to 3550 cm™
assigned to the corresponding stretching vibration mode of water mokculks with some
overlapping of stretching vibrations of sulphate/ron hydroxyl groups. The decrease of
mtensity of the IR peaks i the 3300 to 3550 cm™ region and the absence of peaks at 1600
em’ for the two other fractions could be interpreted as a decrease or an absence of adsorbed
water and hydroxyl groups at the pyrite surface. Elemental sulphur was not accounted for,
because its corresponding peak at 846 ecm™ was overlapping with oxides peaks combined

with a weak mfrared absorption coefficient (De Donato et al., 1999).

DRIFTS gave evidence of some of the different oxidation products of pyrite surface (oxides,
sulphate, carbonate) as a function of the pyrite size fractions. Thus, the difference between
the 63-150 pum and 150-425 yum size fractions spectra after crushing was not significant in
terms of sulphate speciation and hydrated phases. In those two fractions, the profile of the
sulphate area, which is centered at 1085 cm™, reflects ferrous sulphate predominance. In the
32-63 um fraction, the asymmetric IR profile of the sulphate bands centered around 1105 ecm”
' with weak shoulders at 1120 cm™ and 1018 cm™ may reflect a sulphate composition
characteristic of a mix of ferrous and ferric sulphate with higher hydration and carbonation
than the two other fractions. These observations will serve as guidelines for interpretation of

the evolution of chemical surface of pyrite at mokecular level

- Evolution ofsurface chemistry as a function of time: impact of aging

In order to spare numerous figures, the DRIFT spectra presented in this section and the
following sections were reported in tables, displaying the peak distribution, intens ity and
mtegrated surface area, which may allow a global qualitative and comparative visualization
of the IR spectra. The M, group does not appear in the tables since, as explamned before, it
remained unchanged for all pyrite spectra as mentioned by Cases et al (1989), Cases et al.
(1993), De Donato et al. (1999), De Donato et al. (1993), and Kongolo (1991). Only narrow
spectra presenting the sulphate group are presented as figures 2.4 and 2.6. The mpact of
aging on the evolution of pyrite surface was monitored by DRIFTS for the different swe
fractions studied. The two fractions 32-63 pm and 63-150 ym had smilar oxidation
behaviour (Table 2.6 and Figure 2.4). Ther spectra both showed a weak carbonate peak at
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1430 em™ that shifted into a strong peak at 1490 em™ at 104 days. This shift may be due to
changes in site symmetry (Caldera et al., 2008). The sulphate band position of both fractions
shifted toward higher frequencies. In the 32-63 pm fraction, the shift of the sulphate band
center from 1105 em™ to 1136 cm™ can be assigned to a superficial enrichment of ferric
sulphate mvolving a change m the symmetry site of the sulphate groups (Paul et al, 2005).
Similarly, the 63-150 um fraction sulphate area center shifted from 1085 ecm™ attributed to
ferrous sulphate to 1136 cm™. The two fractions also shared an increase in y3 vibration mode
splitting due to sulphate perturbation (Dunn et al, 1992) and an increase of the mtegrated
sulphate area (Table 2.6 and Figure 2.4). The 63-150 pum fraction surface chemistry changes
from predommance of ferrous sulphate and small hydration‘hydroxylation at 43 days to high
increase of sulphate area combined with ferric sulphate predomimance (sulphate group center
at 1136 cm™) and high hydration/hydroxylation at 104 days. Assuming that IR absorption
coefficients of the different ron sulphate species are similar, sulphate area can be used as a
semi quantitative mdicator of the pyrite surface oxidation state (Dunn et al, 1993). Evolution
of the ntegrated area of the sulphate IR peak reported in Table 2.6 indicates that this surface
oxidation increases with aging. The latter hardly increases at 43 days and nearly reaches three
times its value at 104 days. However, the mtegrated area of the sulphate IR peak of the 32-63
um fraction mereased regularly while its sulphate species changed progressively to higher
oxidation state (Table 2.6 and Figure 2.4).



Table 2.6 DRIFTS results of pyrite samples after crushing and aging (spectrum from 4000 to 900 em™)

g i 32-63 pm (F1) 63-150 pm (F2) 150425 pm (F3)
e 104 104 104 Ir
elapsed on
o o 0 days 43 days days 0 days 43 days days 0 days 43 days days (O.N)
crushing
3550 (Wp) 3550 (p) 3550 (L.p) E = 3550 (%,p) z E 3550 (p) :
S : = = 2 = z s 3410 {p) 2
3300 (wp) 3300 (p) 3300 (£.p) - 3300 (wp) 3300 (g,p) - - 3300 {p) -
1630 (wp) 1630 (p) 1660 (4,p) 1630 (wp) - 1630 (4,p) . 5 1630 (wp) s
- 1490 (wp) 1490 (£.p) - 1490 (wp) 1490 (g,p) . 5 - .
1430 (wp) 1430 (wp) - - 1430 (wp) - - 1430 (wp) 1430 (wp) -
1195 () 1195 (s 2 E 1195 () z H E 1195 (d) T
- - 1180 () - - 1180 (1) - - - I
1155 () 1155 (wp) 1155 (wp) 1155 (sh) z = 1155 (sh) : . 1
- - 1136 (p - - 1136 (p) - - - I
1120 (h) 1120 (p) - - - - < = = I1/I1
1105 (p) = = 1105 (sh) 1105 (m » 1105 (sh) = 1105 (py II
- - - - - - - 1095 (p) . i
1085(sh) . 1085 (sh) 1085 (p) = 1085 (sh) 1085 (p) - - II
< 1045 () 1045 (wp) - 1045 (sh) 1045 (1) 2 - < I
. . : E . 4 ? 1036 (wp) £ I
1018 (wp) 1018 (wp) 1018 (sp) - - 1018 (3p) 1018 (sh) - - I
1005 (sh) 1005 (shy 1005 (dh) - 1005(w,p) 1005 (sh) - 1005 (wp) - I
- - - - - - - - 998 (w.p) 11
Infegraed
sulphate 87 18.3 28.5 46 57 12.9 26 57 22
area(au. Y

w weak; s: sharp; st: strong; p: peak; sh: shoulder. boldface number : center of sulphate group.
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The 150-425 pm fraction had a different oxidation behaviour during aging. Semi quantitative
mterpretation of changes in integrated area under sulphate IR peak i more complex because
of the partial loss of the diffusive properties of the pyrite particles. Although the center of
sulphate IR peaks shifted slightly from 1085 cm™ to 1105 em™, it remained within the ferrous
sulphate attribution range and there was no mereased splitting of the 3 vibration mode with
time. This fraction also had peaks that could be assigned to ferric sulphate like 1195, 1155,
1018, 1036 cm™ (Boily et al, 2010; De Donato et al., 1999, Mermillod-Blondm, 2005; Paul
et al., 2005) but ther position shifted with time indicating changes m hydration (Dunn et al,,
1992).
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Figure 2.4 DRIFT narrow spectra from 1350 cm™ to 900 em™ of pyrite aging. a: 0 days; b: 43
days; c: 104 days (time after crushing). A) 32-63 pm fraction; B) 63-150 um fraction; C) 150-
425 um fraction (Note change of scale).

The spectrum obtained on pyrite after 104 days of aging showed an ntegrated area of

sulphate peak lower than that in the spectra directly after crushing and at 43 days after
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crushing. This lower oxidation state at 104 days i also associated with a sulphate speciation
characterized by ferrous sulphate predominance (additional peak at 998 em™) while the
sulphate peak group at 43 days showed more ferric sulphates (peaks at 1036 em™ and 1005
em’ are assigned to ferric and ferrous sulphate respectively). This could be caused by a
nugget effect during coarse pyrite sampling. No significant change of the oxidation state of
the coamer fraction could be observed and the mam surface modifications are related to
superficial sulphate speciation. Pyrite oxidation of the different size fraction gave evidence
that different sulphate formation rates occurred. The latter seemed to depend partly on iron
speciation. Once ferric sulphate prevailed, the sulphate amount mcreased rapidly along with
hydration/hydroxylation as underlined through oxidation of the different pyrie fractions from
43 to 104 days. The low specific area correlated to a lower amount of superficial oxidized

species was probably responsible for the low reactivity of the 150-425 um pyrite fraction.

Figure 2.5 presents the evolution of the sulphate generation during pyrite aging as a function
of the normalized integrated area under sulphate IR peak (normalized to the mitial state).
Integrated sulphate area should not be compared directly due to the particle size bias on IR
signal but the normalized integrated area under sulphate IR peak is representative of the

sulphate formation amount and allows comparison of this amount between size fractions.

4 - OA(O days)/A(O days)
E ag | O A(43 days)/A(0 days)
o W A{(104 days)/A(0 days)
8 3
=
= 2,5
<
2
?
- 1.5 -
=
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0,5
z .

32-63 microns 63-150 microns 150425 microns

Figure 2.5 Integrated arca under the sulphate IR peak normalized by the corresponding
reference state (after grmding).

This ratio gave evidence that the sulphate amount of pyrite decrcased with partick size

mcrease. This can be explained directly by the decrease of the number of reactive sites at the
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pyrite surface with increasing particle size. Some authors have demonstrated that pyrite
surface 8 not entirely reactive towards grinding (Chandra and Gerson, 2010; De Donato et
al., 1993; Descostes et al, 2001; Leiro et al, 2003; Mycroft et al., 1990). Some parts of the
surface do not react and are still under the chemical state of FeS, and other parts of the
surface react and are under an oxidized chemical state (Chandra and Gerson, 2010; De
Donato et al., 1993; Descostes et al, 2001; Leiro et al., 2003; Mycroft et al., 1990). Even if
crushing conditions amed at bemg similar between the different fractions, the fmer fraction
still needed more crushing/sieving cycles to obtain enough sample for the experiment so that
the crushing energy and time, which govern the pyrite particle size generation, strongly
control the number of reactive sites and by consequences, the behaviour of pyrite particles

towards oxidation.

- - Characterization after conditioning (natural to basic pH)

Figure 2.6 and Table 2.7present respectively, the different mfrared profiles as well as the
maim spectral characteristics of the three pyrite size fractions after conditioning for an hour at
different pH valies. Final pH was 4.5 for fraction 32-63pum, 4.8 for fraction 63-150 pm and
5.3 for fraction 150-425 pm for conditioning at natural pH (equilbrium pH without any
NaOH addition).

The pH increased with increase of pyrite partick size which i probably due to a decrease of
specific surface area (Table 2.2) and less acidity released. Infrared profiles (Figure 2.6) and
mtegrated arca under sulphate IR peak (Table 2.7) clearly mdicate a modification of the
amount and speciation of mitial superficial oxidized species. Pyrite conditioning caused a
decrease of the integrated area under sulphate IR peak for the fraction 32-63 pm and 150-425
um but the sulphate amount did not change for the fraction 63-150 pm. The different
behaviour of the 63- 150 um pyrite fraction was certamly due to a less oxidized inttial surface
state than the two other pyrite fractions (absence of the 1195 cm™ peak).
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Figure 2.6 DRIFT narrow spectra from 1350 cm™ to 900 ecm™ a: pyrite afier crushing; b:
pyrite conditioned at natural pH; c: pyrite conditioned at pH=6.5; d: pyrite conditioned at
pH=9.5. A) 32-63 pm fraction; B) 63-150 um fraction; C) 150-425 um fraction.
Therefore, dissolution of the ferric sulphates present was also less important. Sulphate
speciation evolution as a function of pH of fractions 32-63 pm and 150-425 pm are m
agreement of previous results (Mermillod-Blondin, 2005). One can observe that whatever the
conditioning and whatever the particule size, no significant wavenumbers shift of the
sulphate band was observed. Moreover, neutral to basic pH strongly favor the formation of
superficial hydrated hydroxyled ferric sulphates (bands at 1245, 1630, 3550 cm™ and sharp
peak at 1018 cm™). At neutral pH, the ferric sulphates were kess hydrated and hydroxyled for
pyrite fraction 32-63 um. At acidic pH, the absence of peaks at 1245 cm™ and at 1195 cm™
associated to a weak shoulder at 1018 cm™ indicated that chemical surface of pyrite is mamly

governed by ferrous sulphate species.



Table 2.7 DRIFTS results of pyrite samples after crushing and after different conditioning (spectrum from 4000 to 900 cm™)

Pyrite
size 32-63 um (F1) 63-150 pm (F2)
fraction
Crushed Na;;l" al oHe65 pH=9.5 Crushed N"‘;‘}‘I" al oH=65  pH=95 Iron (O.N)
- - - 3550 (w.p) - - - - -
3300(stp)  3300(p) 3300 3300 (st,p) 3300(p)  3300(p)  3300(stp)  3300(p) -
(st.p)
1630 (w,p) - - 1630 (w,p) - - - - -
1430 (w.p) - - - - - - - -
- - 1245(sh) 1245 (sh) : ; - 3 T
1195 (sh) - - - 1195 (sh) - - - I
1155(h) 1155 (sh) - - 1155(@h)  1155(sh)  1155(sh) - T
1136(sh)  1136(sh) 1136(sh)  1136(wp) - 1136(sh)  1136(sh)  1136(sh) I
1105 (p)  1105(sh) - - 1105(sh)  1105(sh)  1105@h)  1105(sh) II
1095(h)  1095(p) 1095(p) 1095 (p) - - - - il
- - - - 1088 (p)  1088(p 1088 (s.p) 1088 (sh) II
- - - - - g - 1075 (p) II
- - - - 1060 (sh) - 1060 (sh) 1060 (sh) T
- - - - - - - - I
1018(sh)  1018(sh) 1018(sh)  1018(s,p) - 1018 1018(stp)  1018(p) I
(w.p)
- - - - - ) 998 (st.p) - II
Integrated
siiphaf 6.4 48 42 5.0 2.9 2.9 2.8 2.8
darca
(au)

w. weak; s: sharp; st: strong; p: peak; sh: shoulder. boldface number : center of sulphate group.

8¢



Table 2.7 (suite)

Pyrite
size 150425 pm (F3)
fraction
Natural . Iron
Crushed pH pH=6.5 pH=9.5 (O.N)
3300(st,p) 3300 3300(p) 3300 (st,p) -
(stp)
- - - 1245 (sh) I
1195 (sh) - - 1195 (sh) I
1155 (sh) 1155(sh) 1155 (sh) - I
1136 (sh) - 1136 (w,p) 1136 (w,p) 1
1105 (sh) 1105(sh) - - IT
1095 (p) 1095 (p) 1095 (p) 1095 (p) IT
- - - - 1T
- - - 1075 (sh) IT
- - 1060 (sh) 1060 (sh) T/TIT
- - 1036 (sh) 1036 (p) 1
1018 (w,p) 1018(sh) 1018 (p) 1018 (s,p) I
- - - - 1T
Integrated
sl 2.8 2.0 1.8 37
area
(au.)

39

w: weak; s: sharp; st: strong; p: peak; sh: shoulder. boldface number : center of sulphate group.

2.42.3 XPS and DRIFTS coupling for spatial determination of oxidation layer

XPS and DRIFTS spectroscopies have already been used as a means to determme spatial
distribution of sulphide oxidation layer (De Donato et al, 1999; De Donato et al, 1993).
Their different depths of analysis (~40 A for XPS, 25000 A to 83000 A for DRIFTS in the
studied wavelength range) constitute a powerful determmation tool (De Donato et al., 1993).
The resulis obtained m this work (XPS detecting lattice pyrite and DRIFTS detectmg
substantial amount of oxidation layer) are coherent with the model proposed by De Donato et
al (1999); (De Donato et al, 1993), Smart (1991) and Toniazzo (1998): a three-dimensional
heterogeneous surface constituted of pillar shaped oxidation products of different thickness
amid a quasi unoxidized pyrite surface. The pillars base is constituted of elemental sulphur
and polysulphide upon which s developed a quasi-central structure of oxy-hydroxides. Iron
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sulphates develop onto the oxide structure with ferrous sulphate being predommant at the
base and ferric sulphate being more present at the top of the pillar. Combmation of XPS and
DRIFTS allows a more complete characterzation of the pillar structure of pyrite oxidation
layer from its outmost part to its mner part. DRIFTS suggested that the 150-425 pm fraction
had much more Fe(Il) sulphate than the two finer fractions, while XPS showed no difference
m mron speciation (especially for the two coarser fractions). The combined analysis from
different scales of the oxidation layer may suggest a differentiation between the outmost
oxidation layer with an almost identical iron speciation for the three size fractions (negligible
signal for DRIFTS) and the pillar structure with a different ron speciation that shift toward

lower oxidation degree with increase of particle size (not analyzed by XPS).

2.5 Conclusions

This work provides results on the evolution of coarse pyrite surface compared to finer pyrite
through dry crushing, air oxidation and conditioning. Pyrite surface characterization achieved

i this study allowed reaching the follow ing conclusions:

- DRIFT high resolution spectra were obtaned with coarse pyrite size (fraction up to
425 pm).

- Dry crushing created a thick and heterogencous three-dimensional oxidation layer at

the pyrite surface for all the fractions.

- After dry crushmg, the outmost part of the pyrie oxidation layer had a similar
speciation of its oxidation products for all size fractions even if the global oxidation

layer had different sulphate speciation depending on the size fractions.

- Arr oxidation of pyrite led to formation of ferric sulphate and increased the amount of

sulphate except for the coarser fraction.

- Ferric sulphate rich oxidation layers showed a higher oxidation level and during

conditioning a higher dissolution rate than the ferrous sulphate rich oxidation layers.

- The pyrite size fractions studied here had the same surface evolution trends through

the conditioning processes than the pyrite size fraction studied m previous works:
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o Conditioning lowered ferric sulphate amount at the pyrite surface

o pH controlled the ron sulphate speciation during the conditioning step.
Acidic pHs kd to ferrous sulphate predominance while basic pHs created a
hydrated hydroxyl ferric sulphate rich oxidation layer.

- This work is the base that leads to further researches for a better comprehension of
collector adsorption onto coarse pyrite and eventually of coarse pyrite flotation
through its application on a specific case (desulphurization of hemo-ilmenite ore

desulphurization exploited by Rio Tinto Fer et Titane at Sorel-Tracy, Canada)
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3.1 Abstract

The flotation of coarse particles is a well-known challenge that has been addressed mamly
through hydrodynamic considerations. This work aims at evaluating the impact of various
xanthate adsorption having different alkyl cham lengths and branchmng, on different pyrite
size fraction for flotation purposes. For each tested colkctor and pyrite size fraction, different
xanthate mitial concentrations and conditioning pHs were mvestigated using ultraviolet and

diffuse reflectance infrared Fourier transformed spectroscopics. These combmed techniques
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allowed calculating the xanthate surface coverage and characterizing the xanthate phases
adsorbed at the pyrite surface. This work outlined the major impact of xanthate alkyl chain
length and branching on the composition of the xanthate phases adsorbed at the pyrite
surface, which are mainly ron xanthate and dixanthogen. The ratio ron xanthate/d xanthogen
decreases with the merease of alkylcham and branching. The branched structure of the alkyl
chain mcreases the xanthate surface coverage compared to ther equivalent straight chain.
Due to differences in terms of specific surface area, the particle size impacts the collector
maximum surface coverage (saturation). No saturation could be reached for the two finer
fractions when a clear plateau was identified for the coarser fraction (150-425 pum) for all
collectors tested. The particle size ako impacts the collector adsorption at alkalmne pHs.
Collector s less adsorbed under alkaline conditions for fine particles, whereas, no difference
can be detected for the two coarser fractions except for the type of xanthate phases adsorbed
(dixanthogen replacing iron xanthate phases). Coarse particles flotation would benefit from
the use of mix collectors of short linear chain such as ethylkanthate developing strong bond
to pyrite and long branched chain such as trimethyl hexylxanthate that enhances the general
hydrophobicity through increased xanthate surface coverage.

3.2 Introduction

Polymetallic ore bodies often contain barren sulphides like pyrite. Through the different steps
of ore processmg, barren pyrite remams within the mine tailmgs where it can be the source of
contaminated (acid or neutral) drainage for some mine sites (Aubertin et al, 2002; Evangelou
and Zhang, 1995; Liang and Thomson, 2010). Tailings desulphurization using bulk sulphide
flotation is an attractive alternative option to control acid mine dramage that has already been
proved successful on several mme tailings (Alam and Shang, 2012b; Benzaazoua et al., 2008;
Benzaazoua et al, 2000; Benzaazoua and Kongolo, 2003; Bruckard and McCallum, 2007,
Kongolo et al, 2004; Leppinen et al, 1997, Yalein et al, 2004). However, flotation faces
some limitations such as coarse particles encountered in some mine products. In the hemo-
ilmenite ore exploited by Rio Tmnto Fer et Titane (RTFT) at Sorel-Tracy (Canada), pyrite
occurs mainly as coarse particles and 18 elimmated by roasting, resulting i large amount of
SO, emissions i the atmos phere. Reducing this pollution by desulphurization using flotation

prior to roasting is a promising option m order to meet the more severe requirements of
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environmental regulations. The flotation should be performed without additional milling as
further grinding i not technically and economically feasible for the mining company. Coarse
pyrite flotation 8 a technical challenge that has been addressed mamly through
hydrodynamic considerations (De Gontijo et al., 2007, Jameson, 2005; Rodrigues et al,
2001; Shahbazi et al, 2008; Tao, 2004; Van Deventer ct al, 2002) and less through surface
physico-chemistry investigations (Brito ¢ Abreu and Skinner, 2011; Dunn et al., 1993).

Pyrite surface is influenced by both conditioning and flotation stages and its control & major
concern in sulphide ore flotation. During the conditioning steps, pyrite surface chemistry
directly affects the collector adsorption ability (Cases et al, 1989, Cases et al, 1995,
Kongolo et al, 2004; Memillod-Blondin, 2005). During the flotation stage, the successful
attachment of pyrite particles to bubbles depends on two sub-processes which are: (1) the
bubble-particle collision followed by (11) the water film drainage between the bubble and the
particle, referred as the adhesion process (Sutherland, 1948; Derjaguin and Dukhin, 1961).
Whik the collision process s clearly under hydrodynamic control, the adhesion process
depends on the frother properties (Finch et al, 2008) and mostly on the partick
hydrophobicity (Lotter and Bradshaw, 2010). Usually, short chain xanthates generate an
adequate hydrophobicity level for sulphide flotation (Pearse, 2005). However, coarse particle
flotation is widely known to be poorly recovered due to high probability of bubble/particle
detachment caused by (i) msufficient hydrophobic film coverage (Bazmn and Proulx, 2001,
Jameson, 2010), (i) settling and (iii) msufficient buovancy of bubble/particle aggregates
(Tao, 2004). Long cham collectors mprove the hydrophobicity by creatmg a more stable film
at the sulphide surface and higher contact angles (Rao, 1971; Rao and Finch, 2003). This
enhanced hydrophobicity could counterbalance the higher inertial force of coarse particles
that s respons ible for ther poor recovery. However xanthates with very long chain have low
solubility so that an compromise should be considered (Ackerman et al, 1987; Kim et al.,
2000). Branched collectors are also known to confer a better hydrophobicity than thew
equivalent straight chain (Ackerman et al, 1987; Rao, 1971).

This paper follows the work of a published paper (Derycke et al, 2012a) on the
characterization of pyrite surface on particles up to 425 pm in different conditions (after

crushng, aging and conditioning at different pHs). This work ams at linking these findings
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to the collector surface adsorption ability. The main purpose of this paper is to investigate the
mmpact of alkyl chain length and branching on xanthate adsorption on different pure pyrite
size fractions for flotation purposes. The mpact of pH and copper activation is ako addressed
as pH strongly influences collector adsorption at low concentration and that copper ions are

known to mprove xanthate-sulphide bonding (Alam and Shang, 2012a).

3.3 Material and method

3.3.1 Samples preparation

High grade pure pyrite samples were obtained from the Huanzala mine site (Peru), a Zn-Pb
ore of adularia-sericite type (Imai, 1999). The mnerals were dry crushed and sieved m three
size fractions (F1=32-63 pm; F2=63-150 um; F3=150-425 um). The sample preparation
procedure 1 well described in Derycke et al (2012a).The F1 fraction was used as a reference
fraction proven to result in high quality spectra with DRIFTS in previous work on pyrite
(Mermillod-Blondin, 2005). The F2 and F3 fractions were chosen as the major coarse pyrite
fractions occurring in the hemo-ilmenite ore treated at the Rio Tinto, Fer et Titane (RTFT)
smelter in Sorel (Quebee, Canada). Mmeral aqueous conditioning was realized by addition in
a centrifuge tube of 2 grams of pyrite into 20 mL of a solution of ultrapure water (Millipore
filtration system, 18.2 MQ.cm at 25 °C) contammg different NaOH concentrations (different
pHs). Testing tubes were then placed on a rotary shaker at a constant temperature of 30°C for
one hour. For the tests where copper sulphate was added as an activating agent, solution of
copper sulphate was added to obtain a copper concentration of 1.8.10 molL and test tubes
were condttioned for an additional ten mmutes at 30°C i a rotary shaker. The amount of
NaOH added was calibrated to set the targeted pH value at the end of the pH conditioning
time (1 hour plus 10 minutes, if copper sulphate was added). For tests where copper sulphate
was added as an activating agent, the aqueous solution was renewed before collector addition
with ultrapure water or unchanged to evaluate the impact of residual copper i solution on
collector adsorption. Xanthate with different chain lengths and branching was then added (at
different concentrations) and conditioned for another ten mmutes at 30°C m a rotary shaker.
The solid and liquid phases were then sepamated by centrifugation (10000 RPM for 20
minutes). The equilibrium solution was analysed for pH and Eh and residual xanthate by

ultraviolet spectroscopy. The filtered solid was dried on a filler paper for a short tme,
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sampled and analyzed by diffuse reflectance mfrared Fourier transformed spectroscopy

(DRIFTS).

3.3.2 Physical, chemical and mineralogical characterization methods

Specific gravity (G;) of the pyrite samplk was determined with a helium pycnometer
(Micromeretics, Accupye 1330). Particke sze distribution of sieved fractions of pyrite was
determined us mg a Malvern Mastersizer laser particle size analyser. The Specific surface area
(SSA) was analyzed by a Micromeritics surface area analyser usmg the B.E.T method
(Brunauer et al., 1938). Surface characterization through mfrared spectroscopy was detailed
mn Derycke et al. (2012). Infrared spectra were recorded with a Fourier transform infrared
spectrometer Bruker I[FS 55 equipped with a mercury-cadmium telluride (MCT) detector and
connected to a diffuse reflectance apparatus from Harrick. Xanthate concentrations were
measured with a UV-VIS spectrophotometer (double beam Shimadzu UV-2501PC) usmg the
301 nm adsorption band if no other interfering band appeared in the spectrum (Rao, 1971;
Kongolo, 1991).

3.3.3 Reagents

The pH regulator reagent was soda ash (NaOH). Copper sulphate pentahydrate
(CuS0,4.5H,0) was used as an activator. Four different potassum xanthates were tested as
collector. The general formula of potassium xanthate s ROCS;K with R being an alkyl chain.
The potassium ethylxanthate and isoamylxanthate (also commercially known as KEX-20 and
KAX-51 respectively and commonly used m the mining industry) from Univar Canada Ltd.
were used as references for short and long chain xanthate respectively. They were purified by
dilution m acctone and precipitation m dicthyl ether accordng to the procedure described by
Rao (1971). Ther alkyl chain structural formulas are R= C,H; and R= C;H;; respectively and

their structure are as follow:

S

AA

Ethylzanthate (R= C,H;)
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S

VN

Two other collectors with six carbons alkyl chain length (one with a straight alkyl cham and

Isoamylxanthate (R= C;H;,)

the other with a branched chain) were synthesized following the experimental procedure
described by Rao (1971). The hexylxanthate and trimethyl hexylkanthate were synthesized
from carbon disulphide and respectively two types of pure alcohol chemical products:
hexanol and 3,5,5 trimethyl-1-hexanol. They were also purified by dilution/precipitation Rao
(1971). Their alkyl chain structural formulas are R=CsH,; and R=C,H,, respectively and their

structure are as follow:

A

AAAAL

3.3.4 Statistical surface coverage calculation

Hexylxanthate (R=CsH,3)

Trmethyl hexylkanthate (R=C,H,,)

Xanthate adsorbed amount was determined by the difference between mitial (C1) and
equilibrum (Ceq) xanthate concentration (moll.). The equilibrium xanthate concentration

was determined by UV spectroscopy using the following equation: (Fornasiero et al., 1995,
Montaltiet al., 1991; Prestidge and Ralston, 1996):

(3 1) Ceq =Ci— Cmc— CPX_ 2CX2 — CX

where Cypc 18 the monothiocarbonate concentration (peak at 225 nm), Cpy 18 the perxanthate
concentration (peak at 348 nm), Cyx, s the dixanthogen concentration (peak at 288 nm) and

Cy 1s the xanthate concentration (peak at 301 nm).
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The xanthate molar extinction coefficient used is 17660 L/mol/cm whatever the chain length
(Chang et al, 1999; Jones and Woodcock, 1983; Kongolo, 1991; Poling, 1976).
Monothiocarbonate and dixanthogen were negligible in the experiment. Perxanthate was
present n UV spectra at high initial xanthate concentration (peak at 348 nm). The peak at 348
nm does not interfere with the xanthate peak at 301 nm. Its molar extinction coefficient, as

found m the lierature, is 10400 L/mol/cm (Jones and Woodcock, 1983).

The statistical surface coverage (amount of xanthate surface layers assuming uniform

coverage), B, was caleulated by us ng equation (3.2):

v
mxSg

(3.2) 8= (Ci —Ceq)

*EX*NA

where V 18 the liquid phase volume (L), m is the mass of mmerals (g), Sg corresponds to its
specific surface area (m’/g), E, is the specific coverage area of the ion (A%), and Ny is the
Avogadro number (mol'). The specific coverage area of the xanthate ion is considered to be
cquivalent to its cross-sectional area on closest packing bases. It & equal to 29 A® for
cthylxanthate, isoamylxanthate and hexylxanthate as specified in the literature (Cases et al.,
1989, Gaudin et al., 1946; Kongolo et al., 2004; Miekzarski et al., 1998; Tukel and Kelebek,
2010). The method used by Gaudin et al. (1946) to determine the specific coverage area of
the xanthate was applied to trimethyl hexylxanthate, which have a cross-sectional area of 118

AZ
3.4 Results and dis cussion

General characterization of the pyrite samples was provided in Derycke et al. (2012). XRD
spectrum (not presented herein) confirmed that pyrite samples were pure. Trace minerals may
be present but could not be clearly identified through XRD analysis. Calculation from
clemental analysis of the samplkes showed that pyrite samples were relatively pure (94 wt. %o
FeS,) with a specific gravity of 5, typical of pyrite mineral. Physical characteristics of
samples are presented m Table 3.1 indicatng the size distribution of the different fractions

and therr specific surface areca which decrease with increase of particle size.
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Table 3.1 Particle size analysis and specific surface values of the different pyrite size

fractions
F1: 32-63 pm F2: 63-150 pm F3: 150-425 um
D10 (um) 37.8 94.5 148.3
D50 (um) 60.7 158.2 228.5
D90 (um) 105.6 2298 297.4
Cu=(D60/D10) 1.8 1.8 1.6
SSA (m/g) 0.11 0.06 0.03

3.4.1 Influence of alkyl chain and particle size on xanthate adsorption

3.4.1.1 Adsorption isotherms

Adsorption of xanthate on pyrite surface was performed at different mitial collector
concentrations allowmng testing a wide-range of collector surface coverage. Interpretation of
the adsorption phenomena can be done through the modeling of adsorption isotherms also
referred as sorption isotherms (Limousin et al., 2007). A mixed model of the commonly used
Freundlich and Langmuir models was used to fit the data as done elsewhere in Umpleby et al
(2001) and Garcia-Calzén and Diaz-Garcia (2007). The Freundlich-Langmuir (I-F) model
formula s expressed as follow, (Garcia-Calzén and Diaz-Garcia, 2007, Umpleby et al,
2001):

NxKMxCGaqgq™
1+KMx Ceq™

(3.3) Qads = with K = a/m

where Qads is the adsorbed amount of xanthate (mol'm®), Ceq the equilibrium xanthate
concentration (moll), N is the number of binding sites, K i the median binding activity, m
1s a fitting parameter related to the Freundlich model corresponding to the surface site energy

heterogenetty, a s a fitting parameter related to K and m.

This model has been used for homogencous and heterogeneous surfaces at low (sub-
saturation) to high (saturation) sorbent concentration (Garcia-Calzén and Diaz-Garceia, 2007,
Umpleby et al., 2001). The solver function of Microsoft Excel was used to change tteratively
the three parameters: N, a, and m, in order to maximize the determination coefficient R? and

minmize the squared sum of the residuals (the difference between the data and the model).
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The two finer pyrite fractions (F1 and F2) did not allow drawmng any sotherm since all
collectors were adsorbed even at high concentration so that no saturation plateau could be
reached up to 10° moll. (no residual xanthate in solution). However, the coarser pyrite
fraction F3 showed sorption sotherm characterized by a plateau for the four xanthate
collectors tested as illustrated m Figure 3.1.
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Figure 3.1 Adsorption sotherms of collectors onto pyrite for fraction 150-425 um at natural
pH, fitted with the -1, model. A) adsorbed amount of xanthate; B) statistical surface
coverage; EX: ethylxanthate; TAX: isoamylxanthate; HX: hexylxanthate; THX: trimethyl
hexylxanthate

These different wsotherms profiles may be due to different specific surface area affecting
pyrite reactivity toward xanthates. The oxidation phases of coarse pyrite (more ferrous than
ferric sulphate) may also be less likely to be reduced to catalyse the oxidation of xanthate into
dixanthogen, the major phase present at high xanthate concentration). The data were well
fitted with the L-F model with determination coefficient (R*) of 0.9 to 1.0 (fitting parameters

not presented herein). The plateau (no more xanthate adsorption with increase of xanthate
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amount) was reached at a statistical surface coverage of 380 for the trimethyl hexylxanthate,
60 for the soamylxanthate and 30 for the ethyl and hexyl xanthate. These isotherms indicate
that the alkyl chain length (up to 6 carbons) does not impact the coverage capacity of the
collector. However the more branched is the collector, the higher the statistical surface

coverage is, due to the larger arca covered per xanthate molecule (Ey).

3.4.1.2 DRIFT s pectroscopy characterization

DRIFT spectroscopy was used to characterize the adsorbed xanthate phases. DRIFT spectra
of adsorption tests are presented m Figures 3.2, 3.3 and 3.4 for the pyrite fraction F1, F2 and
F3 respectively. For each fraction, the four collectors mentioned m section 3.2.3 were tested
at different initial concentrations. The statistical surface coverage was calkulated as described
in section 3.2.4. The only spectra part shown herein is the one between 1350 cm™ and 900
em” in order to identify the nature of the xanthate phases bonded onto pyrite. The spectra
may present overlapping peaks corresponding to pyrite oxidation products and xanthate
phases. For that reason, the reference spectra after crushing and aqueous conditioning were
added for comparison. Figure 3.2 shows the DRIFT spectra comresponding to the four
collectors tested on fraction F1. At low concentration, the spectra corresponding to xanthate
surface coverage of 0.7 and 2.2 (not shown herein for more clarity) did not show any

xanthate specific peak and were similar to the F1 conditioned reference spectrum.

- Ethylxanthate adsorption on different pyrite size fraction

Figure 3.2A shows cthylxanthate adsorption on the F1 fraction from a quasi-monolayer
surface coverage of 3 to surface coverage of 22. At a xanthate statistical surface coverage of
3(Ci= 10" molL), there i a shoulder at 1200 cm™ and a small peak at 1266 cm™ which are
related to stretching of the C-O-C group of ron xanthate complex and dixanthogen
respectively (Cases et al., 1989; Leppinen, 1990). A small shoulder at 1035 em™ i attributed
to the stretching of the C=5 bond (Cases et al, 1990; Fuerstenau et al., 1990; Leppmen,
1990). Higher surface coverage of 15 (Ci= 5.10™ molL) mainly increases the peaks at 1035
em” and 1200 cm™ attributed to iron xanthate without increasing the small peak at 1266 cm™
related to dixantho gen. Moreover, the peak at 1200 em™ presents a shoulder at 1185 cm™ that
may reflect changes m the coordination and configuration of the ron xanthate complex mto a

multilayer molecular organization. This specific multilayer structure of the metal xanthate
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seems specific to ethylxanthate as it was also observed as a multilayer complex of cuprous
ethylxanthate on marcasite by Mielezarski et al. (1998). At a surface coverage of 22 (Ci =
7.5.10" mollL), there is no further increase of the peak intensities 1035 em™ and 1200 em™,
but there is higher splitting of the peak at 1200 em™ into two peaks at 1200 cm™ and 1185
em’ both related to iron xanthate but occurring as different configurations (monolayer of iron
xanthate bonded to pyrite underneath a multilayer mokcular structure of won xanthate).
Furthermore, increase of peaks at 1266 cm™ and 1245 ecm™ are both related to dixanthogen.
There 1 coexistence of ron xanthate and dixanthogen at the pyrite surface at high xanthate

concentration.

Figures 3.3A and 3.4A shows ethylxanthate adsorption on F2 and F3 respectively. The F2
fraction presents similar spectra than the F1 fraction at approximately the same surface
coverage and mitial xanthate concentration. For the F3 fraction, the shoulder at 1200 c¢m™
related to ron xanthate appears at a surface coverage of 6 (Ci= 5.10” mol'L) and is intensity
mereases along with the shoulder at 1035 cm™ changing from shoulder to a small peak at a
surface coverage of 27 (Ci = 10® molL). Dixanthogen appears starting from a surface
coverage of 25 (Ci = 5.10" molL) as small peaks at 1266 cm™ and 1245 em™ (C-O-C
stretching).
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- Isoamylxanthate adsorption on different pyrite size fraction

Figure 3.2B shows isoamylkanthate adsorption on the F1 fraction. At a quasi-monolayer
coverage, (Ci= 5.10° mol/L), a shoulder at 1200 em™ and peaks at 1260 cm™ and 1035 em™
mndicate the coexistence of iron xanthate and dxanthogen. When xanthate surface coverage
mcreases up to 8, isoamylxanthate adsorbs at the F1 fraction both as dixanthogen and won
xanthate unlike ethylxanthate where ron xanthate prevails over dixanthogen up to surface
coverage of 15. At surface coverage higher than 16 (Ci= 5.10" molL), the proportion of
dixanthogen over iron xanthate increases. Figures 3.3B and 3.4B shows isoamylxanthate
adsorption on F2 and F3 fractions respectively where peaks at 1260 em™ and 1025 em™
appears, beginning as a weak shoulder at quasi-monolayer coverage and becoming sharp

peaks with surface coverage increase.

- Hexylxanthate adsorption on different pyrite size fraction

Figure 3.2C shows hexylxanthate adsorption on the F1 fraction. At a quasi-monolayer
coverage of 3, (Ci= 10" mollL), a shoulder at 1200 cm™ and a weak peak at 1266 cm™ are
related to the C-O-C stretching of ron xanthate and dixanthogen respectively. The mncrease
of surface coverage does not increase the iron xanthate signal ntensity since it stays as a
shoulder. The dixanthogen peaks (1266 em™; 1025 cm™) on the other hand, intensified with
surface coverage merease. The F2 fraction (Fig. 3.3C) follows a similar pattern than the F1
fraction with both peaks of iron xanthate (1200 em™) and dixanthogen (1266 cm™) at a
surface coverage of 3 (Ci= 5.10” mol/L) and with higher surface coverage, the iron xanthate
peak does not mcrease while dixanthogen signal mtensifiecs when the surface coverage
increases. Figure 3.4C shows hexylxanthate adsorption on F3 where peaks at 1260 em™ and
1025 em” increase progressively with increase of surfice coverage. Iron xanthate is not

detected.

- Trimethyl hexylxanthate adsorption on different pyrite size fraction

Figures 3.2D, 3.3D and 3.4D show trimethyl hexylxanthate adsorption on the F1, F2 and F3
fractions respectively. Contrary to the three previous collectors, no ron xanthate could be
detected whatever the pyrite fraction size. The surface coverage reached with the trimethyl
hexylxanthate is higher due to its high branching (high cross-sectional area). The dixantho gen

signal (peaks at 1266 cm™ and 1025 cm™) intensifies with surface coverage increase.
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- Correlation between UV and DRIFT s pectroscopies

Linear relationship between UV spectroscopy (surface coverage) and DRIFT spectroscopy
(peaks intensity) has been already outlined m previous works (Cases et al., 1990; Kongolo,
1991; Leppinen, 1990; Mermillod-Blondin, 2005). Relative intensity of alkyl peaks (signal
mtegration from 3050 cm™ to 2800 ¢cm™) accounting for both iron xanthate and dixanthogen

presence was correlated with surface coverage.

The low determination coctficient for the cthylxanthate and the trimethylxanthate in the case
of fraction F3 are probably related to the low diffuse reflectance and to the mereased nugget
effect both attributed to the coarse sze of the studied particles.

The correlation between UV and DRIFT spectroscopies data provide a tool allowing to
evaluate the surface coverage when UV spectra show peaks interfering with the 301 nm peak,
like the dixanthogen peak at 288 nm, so that the exact residual xanthate amount cannot be

calculated as described m section 3.3.4.

A synthesis of the immpact of partick size and collector chain type on xanthate adsorption i
presented in Table 3.2. Partick size has an impact on the type of xanthate phases adsorbed
snce woamylxanthate and hexylxanthate switch from ron xanthate and dixanthogen to only
dixanthogen with mcrease of particle sze. This can be related with the surface chemistry
discussed in a previous paper (Derycke et al., 2012a) which outlined kesser ferric sulphate for

the coarser fraction. This may imply lesser active site for iron xanthate bonding.

The collector chain type has a major impact on the type of xanthate bonding onto pyrite.
Long chain xanthates oxidize more easily into dixanthogen than short cham due to larger
mductive effect donating ekctron from the alkyl group as shown m table 1.3 by the standard
potentials of xanthate/dixanthogen (Lotter and Bradshaw, 2010; Somasundaran and Wang,
2006). Pyrite bonded won xanthates arc therefore more likely to occur with a short chain
collector such as ethylxanthate which can organizes as multilayer complex of won xanthate
(Leppmen, 1990; Mickzarski et al, 1998). Once formed, the wron xanthate complex may
oxidize mto dixanthogen (Mermillod-Blondm, 2005; Mielczarski et al., 1998). The mductive
effect mentioned previously implies also that won xanthate complex is more stable for shorter

xanthate alkyl cham than longer ones. Major dixanthogen formation for long cham xanthate
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could explain higher surface coverage at saturation by stabilizing the collector piles due to its

two hydrophobic chains.

Table 3.2 Type of the xanthate phases adsorbed onto pyrite as function of collector type and
partick size at acidic pH.

Xanthate type F1: 32-63 nm F2: 63-150 pm F3: 150425 pm
Low coverage Fe-X Fe-X Fe-X
Brhyl X High coverage Fe-X/X, Fe-X/X, Fe-X/'X,
Low coverage Fe-X/3, 3 p:0)
Tsoamyl X High coverage Fe-X/3, 3 p:e
Fexyl X L.OW coverage Fe-X/3, Fe-3/3, p:0)
High coverage Xy=> Fe-X X;»= Fe-X X
. Low coverage X X X
T thylhexyl X )
ety heRy High coverage )€ X, )0

3.4.2 Influence of pH on xanthate adsorption

Xanthate adsorption is influenced by the pyrite surface chemistry, as outlined in many
previous works (Cases et al, 1990; Kongolo, 1991; Fornasiero and Ralston, 1992
Mermillod-Blondin, 2005; Peng et al., 2012). In Derycke et al (2012), it was demonstrated
that the size fractions F1, F2 and F3 followed the same trend through aqueous conditioning
where pH was controlling the sulphate speciation at the pyrite surface. Acidic pHs led to
ferrous sulphates predommance while basic pHs created a hydrated’hydroxyled ferric
sulphates rich oxidation layer. These results are m accordance with the work of Mermillod-
Blondin (2005). However, the coarser fraction (F3) led to lesser hydrated hydroxyled ferric
sulphate than the finer fraction F1. The mpact of pH on xanthate adsorption was evaluated
on the three size fractions (F1, F2, F3) and for threc collectors (isoamylxanthate,
hexylxanthate, trimethyl hexylxanthate). Three different pHs were tested from acidic to basic
conditioning: natural pH, pH = 6.5, pH = 9.5. Figure 3.5 illustrates the xanthate surface
coverage as function of the mitial xanthate concentration for different fraction and collectors.
The soamylxanthate and hexylxanthate adsorption on the fraction F 1 decreases with ncrease
of pH (Figures 3.5-A1 and A2). The isoamylxanthate and hexylxanthate at 2.5.10™ mol/L as
mitial concentration reaches a surface coverage of 10 and 12 respectively at natural pH while
at more alkaline pH (pH = 9.5) they only adsorbs as surface coverage of 2 and 6 respectively.
Figure 3.6 presents the DRIFT spectra of the fraction F1 for the three collectors tested at an
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initial xanthate concentration of 2.5.10” mol/L. The isoamylxanthate (Figure 3.6A) and the
hexylxanthate (Figure 3.6B) spectra change when the conditioning pH increases from a
spectrum showing ron xanthate and dixanthogen phases at natural acidic-pH (as discussed in
section 3.1.2.2) to spectra having only dixanthogen peaks (1266 cm™ and 1025 cm™) at
pH = 6.5 and pH = 9.5. As illustrated by Figure 3.5-A3, the trimethyl hexylxanthate surface
coverage i not affected by the conditionmg pH probably due to the higher stability of long
chain xanthate and dixanthogen in alkalme condition (Fuerstenau et al, 1990; Jones and
Woodcock, 1983). Figure 3.6B shows DRIFT spectra of trimethyl hexylkanthate adsorption
at an initial concentration of 2.5.10 mol/L. This collector is present as dixanthogen whatever

the conditioning pH.

Xanthate surface coverage of fractions F2 and F3 (Fig. 3.5B and 3.5C), contrary to what
occurred for the fimer fraction F1, are not affected by the conditioning pH whatever the
collector tested. DRIFT spectra of those fractions are not presented herem since, like fraction
F1, only dixanthogen (peaks at 1266 cm™ and 1025 cm™) could be detected at pH = 6.5 and
pH = 9.5.
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Figure 3.6 DRIFT narrow spectra from 1350 em™ to 900 cm™ of pyrite fraction 32-63 um
conditioned at natural pH (nat.pH), pH= 6.3 and pH=9.5 with different xanthate collectors.
A) soamylzanthate; B) hexylkanthate; C) trimethy] hexylxanthate. Cd. : after conditioning;

X:initial xanthate concentration of 2.5.10™ molL.

The difference between fraction Fl and the two coarser fractions in terms of xanthate
adsorption as function of conditionmg pH may be explained by the difference of surface
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sulphate composition between those size fractions. As observed m a previous paper (Derycke
et al, 2012a), the fraction F1 have higher proportion of hydrated hydroxyled ferric sulphate
than the fraction 2 and F3 in alkaline conditions. The high quantity of hydroxyled ferric

sulphates present on fraction F1 may hinder xanthate adsorption.

3.4.3 Influence of copper activation on xanthate adsorption

Copper sulphate was tested as an activator at a concentration of 1.8.10 mol/L at an mitial
isoamylxanthate concentration of 2.5.10™ mol/L. Observation of a yellow precipitate in the
testing tube and the presence n UV spectra (not presented herem) of peaks at 425 nm and
240 nm assigned to copper xanthate and dixanthogen respectively, as elsewhere noticed
(Fmkelstem, 1977; Joly et al, 2004; Rao, 1971), mdicated a reaction of residual copper in
solution with the xanthate added according to the following equation (Allison and O'Connor,

2011; Leppinen, 1990; Li and Zhang, 1989):
(3.4) Cu™' + 2X 2 2CuXy, +X%

Copper xanthate and isoamylxanthate were analysed by IR spectroscopy (transmission mode)
as shown m Figure 3.7A. Copper xanthate was prepared for IR analyses (transmission mode)
by precipitation from aqueous solutions of copper sulphate with a stoichiometric amount of
potassum soamylxanthate xanthate. The co-precipitated dixanthogen was removed by
dissolution m ether solvent. The major pecaks observed in Figure 3.7A for potassmm
isoamylxanthate (spectrum a) are the peaks at 1136 em™ and 1075 cm™ both assigned to the
xanthate functional group (Cases and De Donato, 1991, Leppmen, 1990). Copper
isoamylxanthate (spectrum b) of Figure 3.7A shows two major peaks at 1195 em™ and 1038
em’ both assigned to cuprous xanthates (Leppinen, 1990). The absence of a peak at 1261 cm’
' indicates that the dixanthogen has been successfully removed by washing copper xanthate
with ether. Figure 3.7B shows DRIFT spectra of pyrite fraction 150-425 pm conditioned at
natural pH (pH = 5.5) without copper sulphate and conditioned with 1.8.10" mol'L. of copper
sulphate at pH = 5.5. The two spectra are identical indicating that copper sulphate presence in
solution does not change the sulphate dissolution and speciation on pyrite surface. As
mentioned before, copper sulphate effect on colkctor adsorption was mvestigated with

(spectrum X.{Cu-w)) and without (spectrum X.(Cu)) solution renewal These two spectra are



84

compared to soamylkanthate adsorption without activation (spectrum X.) which had a
surface coverage of 27, confirmed by a duplicated test. Copper activation without solution
renewal led to a yellow precipitate, which biased the UV analyses. Surface coverage was
therefore calculated using the correlation model between UV and IR data (section 3.4.1.2) as

a surface coverage of 30.
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Figure 3.7 (A) Transmission narrow spectra from 1350 em™ to 900 cm™ of (a) Solid
potassium isoamylxanthate; (b) solid copper soamylxanthate and (B) DRIFT spectra from
1350 cm™ to 900 em’™ of pyrite fraction 150-425 um. cd.: conditioned at pH=5.5 without
copper addition; ¢d.(Cu): conditioned with 1.8.10“mol/L. of copper sulphate; X.: without
copper activation with soamylxanthate at 2.5.10™ mol'L; X.(Cu): conditioned with copper
sulphate at 1.8.10"molL and isoamylxanthate at 2.5.10™ mol/’L- no solution change before
collector addition; X.(Cu-w): conditioned with 1.8.10"molL of copper sulphate with
isoamylxanthate at 2.5.10" mol/L- solution changed before collector addition.

The DRIFT spectrum of copper activation without solution renewal (X.(Cu)) shows a peak at
1191 ¢cm™ which was not present on the reference spectrum (X.) atlesting the presence of
copper xanthate at the pyrite surface. Dixanthogen is also present (peak at 1261 cm™)
although in less quantity than in the reference spectrum. The peak at 1025 cm™ (on spectrum
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X.) slightly shifted toward 1035 cm™ accounts for both dixanthogen and copper xanthate. The
DRIFT spectrum of copper activation with solution renewal (X.(Cu-w)) shows a peak at 1261
em’” assigned to dixanthogen and a shoulder at 1205 cm™, which should be related to copper
xanthate. The shift from 1191 cm™ to 1205 cm™ may be due to the presence of copper(Il)
xanthate (rather than copper (I) xanthate) adsorbed onto pyrite as observed by Leppmen
(1990) at high copper concentration. The presence of both copper alkyl xanthate and
dixanthogen was found in previous work by Persson (1994) on activated sphalerite. The
surface coverage of 28, however, did not ditfer from the non-activated pyrite. These tests
suggest that residual copper xanthate react rapidly with xanthate to precipitate as copper
xanthate both m solution and at the pyrite surface. When no residual copper i kft (solution
renewal), copper activation do not improve xanthate surface coverage but led to changes
regarding the type xanthate phases adsorbed (dianthogen and copper xanthate instead of
dixanthogen only). Copper sulphate activation on coarse pyrite could probably be improved
with higher pHs due to the ncrease of mineral copper consumption as demonstrated by
previous works on pyrite and pyrrhotite (Huang et al., 2006; Leppmen, 1990). Higher copper
conditioning time could also be mvestigated to mprove mineral copper consumption (von

Qertzen etal, 2007).

3.5 Conclusions

This work provides a thorough fundamental msight mto the mmpact of particle size and
collector chain length and branching on =xanthate adsorption. The influence of the
conditioning pH and of copper activation was also mvestigated for coarse pyrite flotation

purposes. This research work allowed reaching the follow ng conclusions:

- The partick size has the mam mmpact on the collector maximum coverage
(saturation). Indeed, no saturation could be reached with fmer size fractions (F1:32-
63 pm and F2:63-150 pm) within the concentrations tested unlike the coarser fraction
which reached a plateau for all collectors. This may be related to the specific surface
area affecting the reactivity of pyrite toward xanthate molecules and the oxidation
phases present (more ferrous sulphate than ferric sulphate). This also means that
collector dosage could not improve pyrite flotation. Collector type selection would be

the mteresting way for improving flotation and hydrophobicity or pyrite surface.
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- The collector chain type (length and branching) has a major mmpact on the xanthate
phases adsorbed at the pyrite surface at acidic pH (iron xanthate or/and dixanthogen):
ron xanthate & more abundant than dixanthogen at pyrite surface with a short chain
collector such as ethylkanthate. Dixanthogen presence at the pyrite surface ncreases
with the increase of akyl cham length and branching, which follows the trend of
standard potential of xanthate/dixantho gen couple shown m table 1.3.

- The more branched i the collector the higher surface coverage s reached. This
would allow coarse particles to reach better flotation performances since higher
hydrophobicity would counterbalance the coarse particles higher inertial force
leading to kesser partick-bubble breakage.

- The mncrease of the conditioning pH decreases the collector adsorption capacity for
the 32-63 pm fraction, due to higher proportion of hydrophilic phases at alkaline pH
(both sulphate and oxydydroxydes), but does not affect the collector adsorption
capacity of the coarser fractions (63-150 pm and 150-425 pm fractions). This would
allow flotation of coarse pyrite at high pHs.

- Copper activation without residual copper in solution led to similar xanthate surface
coverage. Dixanthogen is the main xanthate species although copper xanthate may be

present (shoulder at 1200 cm™).

These results bring fundamental knowledge of the impact of particle size on collector
adsorption and the choice of a specific collector structure may be highlighted by these
findmgs. Coarse particks flotation would benefit from adsorption of branched collectors
having higher surface coverage to enhance the particle hydrophobicity. Conditioning pH may
have less impact on pyrite flotation due to ksser surface reactivity. High xanthate dosages
may not favour coarse pyrite flotation since saturation i reached after swrface coverage
equivalent to 30 and 60 =xanthate monolayers for ethylxanthate and isoamylkanthate
(equivalent to KEX and KAX used in the industry). The mix use of short lnear xanthate
developing strong bond to pyrite (like ethylxanthate) and long branched collector (like
trimethyl hexylxanthate) to enhance general hydrophobicity could be investigated.
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4.1 Abstract

Pyrite is usually a barren mineral quasi-ubiquitous i polymetallic mine ores around the
world. It s well-known m the mmne related scientific community that its presence within
tailings often causes acid mine drainage. However, pyrite can be the source of other
environmental issues such as SO, emission ssuing from pyrite roastmg process. Rio Tmto
Fer et Titane (RTFT), a Quebec based society recognized as a world leader m the production
of titanium dioxide feed stock 1 confronted to SO, emission caused by pyrite roasting during
the metallurgical process. In its environmental commitments, RTFT i planning to decrease
its SO, emissions. Environmental desulphurization mtends to prevent sulphide related

environmental problems by concentrating those minerals by flotation upstream of the roastng



process. Its application to RTEFT's ore prior to roasting i an interesting alternative for pyrite
separation from the hemo-ilmenite. The wide particle size range, from 75 pm to 1200 pm, of
the hemo-ilmentte ore is the major challenge related to the desulphurization process by
flotation since grinding to facilttate pyrite flotation i not economic, the fine fraction being
removed from the ore to the wastes. Coarse particle flotation is a well-known challenge m the
ore processing industry. This project aims at mproving the flotation of coarse pyrite by
testing long cham and branched chan xanthates as collector. Results from flotation tests
using a Denver conventional cell showed an mprovement of the sulphur recovery with
xanthates having longer cham than KAX-51 often used i the mdustry. It allowed a reduction
of the hemo-ilmenite sulphur content from 0.8 % to 0.1 %, corresponding to 84 % overall

sulphur recovery.

4.2 Introduction

4.2.1 Industrial site and ore processing description

Rio Tinto Fer et Titane (RTFT) is recognized as a world leader in the production of titanum
dioxide feed stock. RTFT extracts and transforms the hemo-ilmenite ore from the Tio mme
smce 1950, The Tio mme, located 43 km north of Havre St-Pierre (North of Quebec), 1 a
massive lens-like deposit of mtrusive hemo-ilmenite m an anorthosite rock. As illustrated by
Figure 4.1A, the hemo-ilmenite ore is extracted from the Tio open-pit mme and transferred to
the metallurgical complex of Sorel-Tracy which receives about three million metric tonnes of
ore per year. The metallurgical complex site is constituted of mterconnected plants allowing
the ore to be concentrated and smelted into various products such as pig won, steel and
ttanmum dioxide slags. During the ore processing (Figure 4.1B), the hemo-ilmenite ore i
roasted m rotary kilns (for magnetization and desulphurization) which causes the production
of SO, emissions. Decreasing SO, m the exhaust gases from the roasting process is an
important environmental objective of the ongomng Rio Tinto’s environmental short term
program. The main objective of this study consists in evaluating the feasibility of hemo-
ilmenite desulphurization using a conventional Denver lab cell and different xanthates as
collecting reagents aiming to lower the sulphur grade of the hemo-ilmenite sampled (Figure
4.1B) to 0.05 % so that the total sulphur grade of the feed of the roasting process would be of
0.12 % which will reduce significantly the SO, emission.
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Figure 4.1 A) Transport of the hemo-ilmenite ore from the Tio mine site to the Sorel-Tracy

plant near Montréal (adapted from Plante etal., 2011a); B): Schematic diagram of the ore

preparation plant {Sorel-Tracy, Qc) showing the sampling point (S.P.) and localisation for
desulphurization equipements.

4.2.25tudy justification and ohje ctives

SO, emission is proven to have negative impacts on the environment, especially on air
quality, and to cause acidic precipitations. The reduction of SO, emission has been the source
of many investigations as this gas is produced in many industrial operations like smelters and
power plants (Ettouney et al, 2012; Nvavor and Egiebor, 1991). A wide spectrnm of
techniques has been proposed such as the addition of lime agglomeration roast, a calcium-
based SO, sorbent, directly into the ore before roasting (Nyavor and Egiebor, 1991), the
production of elemental sulphur from SO, by the Ramenshni SO, reduction patented process
(Rameshm and Santo, 2006), and the popular lime/limestone process for flue gas
desulfirization (Rakke, 1980; Ettouney et al, 2012; Khawaji and Wie, 2005, Ren et al,
2011; Zhang et al., 2011). Association of a fnme scrubbing system to a sulfuric acid plants is
also commonly suggested (Dawm, 2009, Léveille and Claessens, 2009). Off-gas cleaning
systems often require large size plants and high cost investments. An alternative option to the

mmplementation of such installations would benefit RTFT as its metallurgical complex



already hosts various plants needed for the ore transformation. Reducing the sulphur grade of
rotary kiln feed is an attractive option to decrease SO, emissions since it only requires
additional flotation cells to the already existing ore preparation plant (Figure 4.1B).
Desulphurization using flotation has been successfully tested on several tailings to reduce
acid mme drainage (Lepmnen et al, 1997, Benzaazoua et al, 2008; Benzaazoua et al., 2000).
There i1s an extensive literature on non-sclective sulphide recovery by flotation for
environmental purposes (Benzaazoua et al., 2004; Benzaazoua et al., 2008; Benzaazoua et al.,
2000; Benzaazoua and Kongolo, 2003; McLaughlin and Stuparvk, 1994; Yalkin et al., 2004).
Moreover, flotation 1 often used as a process to concentrate sulphide minerals that contain

economic values (Blazy and Jdid, 2001; Crozier, 1991).

The coarse nature of the hemo-ilmenite ore, which is 75 pm to 1200 pm for the sampled
spral concentrate (Figure 4.1B), i one of the major challenges related to the
desulphurization process by flotation. Coarse particle flotation s a well-known challenge
widely discussed in the literature and this technique i usually best suited and used for
particle from about 10 pm to 150 pm (Gomez, 2000; Jameson, 2005; Tao, 2004). Further
grinding to facilitate pyrite flotation & not economic i this case study mamly because fine

particles are sent to the waste fraction, thus, this alternative was not considered m this work.

Usually, sulphide flotation only requires short cham xanthate (Pearse, 2005). However,
coarse particle flotation s widely known to be poorly recovered due to high probability of
bubble/particle rupture caused by insufficient hydrophobic film coverage (Bazin and Proulx,
2001; Jameson, 2010), settlng and msufficient buoyancy of bubble/particle aggregates (Tao,
2004). To overcome the poor recovery of coarse partickes flotation, many mvestigations were
undertaken from hydrodynamic consideration, flotation equipment new design and reagent
development (Gomez, 2000; Jameson, 2010; Lotter and Bradshaw, 2010; Shahbazi et al.,
2008; Soto and Barbery, 1991; Tao, 2004). Long chain collectors improve the hydrophobicity
by creating a more stable film at the sulphide surface and higher contact angles (Rao,1971;
Rao and Finch, 2003). However xanthates with very long chain have low solubility so that an
compromise should be considered (Kim et al., 2000; Ackerman ct al, 1987). Branched
collectors are also known to confer a better hydrophobicity than ther equivaknt straight
chain (Rao, 1971; Ackerman et al, 1987). The present work evalnates the mpact of the
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length as well as the branching of the xanthate alkylcham on the recovery of coarse sulphide
by flotation applied to the desulphurization of an hemo-ilmenite ore.

4.3 Material and methods

4.3.1 Characterization techniques

Specific gravity (G,) was determmed with a helium pycnometer (Micromeretics, Accupyc
1330). Particle size distribution was determmed with standard ASTM sieves (8 sicves
between YQum and 1400pm). The specific surface area (SSA) was analysed by a
Micromeritics surface area analyser using the B.E.T. method (Brunauer et al, 1938). The
sulphur grade of solids was analysed usmg an Eltra CS-2000 carbon/sulphur determmator.
Mineralogical characterzation was carried out using a Bruker A.X.S. D8 advance x-ray
diffraction (XRD) instrument equipped with a copper anticathode. The diffractograms were
mterpreted using EVA software for identification and TOPAS software for mineral
quantification based on the Rietveld method (Rietveld, 1993). Mineralogical investigation of
the solid samples was also completed through micro-scale optical microscopy (OM) using a
metallographic microscope with reflection mode (Nikon Optiphot2-Pol) and a Scannmg
clectron microscope (SEM) (Hitachi S-3500 N) usmg the backscattered clectrons (BSE)
mode at 20 kV coupled with an X-ray cnergy dispersive spectrometer (EDS) (Oxford
Instruments). Spectra were acqured with INCA software. SEM-EDS analyses were
performed on polished sections coated with carbon.

Residual soluble xanthate was evaluated using a UV spectrophotometer Spectronic Genesis 5
knowing the molar extinction coefficient at 301 nm thanks to the Beer-Lambert calibration
curve (Kongolo, 1991, Rao, 1971).

4.3.2 Flotation re age nts

Flotation requires different type of reagents to create the proper surface tension for mineral
separation. pH regulator reagents were 10 vol % sohtion of H,SO, and 1 M solution of
NaOH. The frother used was MIBC (methyl sobutyl carbinol) from Univar Canada Ltd.
Copper sulphate was tested as an activating agent and added as a 10 % wt solution. Three
different xanthates were tested as collectors for bulk sulphide flotation. The general formula
of potassium xanthate 8 ROCS,K with R bemg an alkyl chain. The potassum
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oamylxanthate (referred as KAX-51) from Univar Canada Ltd. was used as a reference. It
was purified by dilution in acetone and preciptation n diethyl ether accordng to the
procedure described by Rao (1971). Its alkyl cham formula is R= C;H;; and its structure i as

follow:

S

PAA

Two other collkectors with six carbons alkyl cham length (straight and branched chains) were

- KAX-51 (soamylxanthate):

synthesized following the experimental procedure described by Rao (1971). The
hexylxanthate and trimethyl hexylzanthate were synthesized from carbon disulphide and
respectively two types of pure alcohol chemical products: hexanol and 3.5,5 trimethyl-1-
hexanol. Their alkyl chain formulas are respectively R=C H;» and R=C,H,, and ther

structures are as follow:

~rAAL

AAAAL

They were also purified by dilution/precipitation (Rao, 1971). Xanthates were added using a

- Hexylxanthate:

- Trimethyl hexyIxanthate:

10 wt. % diluted stock solution.

4.3.3 Sampling and flotation procedure

The hemo-ilmenite material was collected directly at the ore preparation plant to obtain
representative samples. Figure 4.1B represents the simplified flow-sheet of the Sorel-Tracy
process and shows the position of the sampling point (SP), before the roasting process. The

homogeneously sampled hemo-ilmenite ore was stored under process water for transportation
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to the laboratory in order to preserve the mitial physico-chemical pulp characteristics (pH,
Eh, etc.) by mmimizing air contact. The process water was then drained out and the material
was homogenized, split into one kilogram equal parts and stored nto a freezer to avoid
sulphide oxidation. Previous tests performed on site demonstrated that transport did not affect

sulphur recovery (Derycke et al. 2009).

All flotation tests were performed with a laboratory Denver D-12 in a 5 litre metal cell
Despite high speed of the rotor/stator system, dense and coarse particles tended to settle in
the comers and to form tetrahedral accumulation at each comer of the flotation cell bottom.
The amount of settled particles was estimated through measurement of each tetrahedrons
sides (knowmg the material density) using a transparent 5 litre plastic cell and results are
presented by Figure 4.2. Test parameters were chosen to minimize scttlement to a maximum
of 4% of total material (corresponding to 0.01% S) with a pulp density of 25 % solid and
agitation speed of 1900 RPM. Conditioning time was set to ten minutes for pH regulation.
When copper sulphate was added as an activating agent, it was conditioned for an additional
ten minutes. After its addition, the collector (different type of collector at various
concentrations) was conditioned for five additional minutes. Frother was then added in the
flotation cell and conditioned for another one minute (MIBC at 50 g/t). Anflow was fixed at
3.5 L/mm and the froth was manually skimmed with a spatula by the same operator for all
flotation tests for ten minutes. pH was only adjusted during the pH conditioning step and pH
and Eh evolution were measured through the overall conditioning step and at the end of the
flotation test . When a second flotation step was added (scavengmg step), the flotation
parameters and procedure were identical to the first flotation step. Duplicates pulp samples of
about 10 mlL were pumped from the flotation cell at the end of the collector conditioning time
and centrifuged for 15 minutes at 3000G. The liquid phase was then analysed by UV

spectroscopy to evaluate the amount of residual xanthate (unadsorbed collector).
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Figure 4.2 Evaluation of the amount of settled particles as function of agitation speed and
pulp solid percentage n the Denver cell corners.

4.4 Results

4.4.1 Ore preliminary characterization (feed sample)

A prelimmary chemical and mineralogical characterization of the studied ore (Table 4.1) was
carried out by dividing the feed wide partick size distribution (75 um to 1200 ym) into three
size fractions to obtain a rough evalnation of the different mineral size distribution. Sulphate
fraction of the total sulphur percentage was not analysed in this study since previous work
carried on the hemo-ilmenite ore showed that sulphur occurs maimnly as sulphide mmerals
(Plante et al, 2011a; Pepm, 2009). Bulk sulphur analysis of the hemo-ilmenite ore
approximately 0.8 wt. % and is expressed essentially as pyrite according to XRD analysis.
The fraction above 300 pm have a lower sulphur grade compared to the other fractions
analysed, but as it represents the major part of the sample (68.7 wt. %), the sulphur content of
the fraction above 300 pm represents 57 wt. %o of the overall sulphur content; this means that
pyrite 1 mainly present as coarse grams. The hemo-ilmenite ore is mainly constituted of
hematite and ilmenite (intergrowths). Plagioclase (labradorite) i the main gangue mmeral.

Biotite is present m lesser quantity.
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Table 4.1 Chemical and mineralogical characterization of the feed by size fraction

Hemo-ilmenite size fraction

<1S0pm 150300pm >300um Bulk*

Fraction wt.% 12.6 18.7 68.7 100
Major elements

S (wt.2%) 1.23 1.06 0.68 0.82
Ti (wt. %) 19.1 17.6 20 19.44
Fe (wt.%) 34.1 30.5 34.4 33.63
Al (wt.%) 1.19 2.49 1.19 1.43
Ca (wt.%) 0.55 1.05 0.461 0.58
Mg (wt.%) 1.54 1.65 1.58 1.59
Mn (wt.%) 0.09 0.08 0.09 0.09
Ni (ppm) 520 500 440 461
Cu (ppm) 360 200 110 158
Co (ppm) 560 490 480 492
Cr (ppm) 800 990 1080 1028
Mineral quantification (XRD/Rietveld)

Pyrite (%) 4 3 3 3
Iménite (%) 66 56 70 607
Hématite (%) 23 19 22 21
Labradorite {(%0) i} 21 5 8
Biotite (%) 1 2 0 1

*(Calculated from the three size fractions

4.4.2 Flotation tests

4.4.2.1 Impact of xanthate dosage, chain length and branching

The influence of xanthate dosage, cham length and branching was evaluated at acidic pH
(pH=5) and akalme pH (pH=9.5). The obtaned results are presented m Figure 4.3. The
collector dosage testing was performed with the reference collector often used m the mdustry,
KAX-51, and i presented in figure 4.3A. A blank test was performed to evaluate the natural
hydrophobicity and the mechanical entramment of sulphides, which represented 2 % of
sulphur recovery. There was little difference of sulphur recovery between tests at 45 and 75
g/t whatever the pH value as the sulphur recovery stayed between 61 and 65 %. Residual
xanthate was highly mfluenced by pH for tests at 45 and 75 g/t xanthate. At acidic pH, it was
quasi zero while at alkalme pH it reached 10 g/t for both 45 g/t and 75 g/t mitial collkector

dosage.
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Figure 4.3 Flotation at acidic pH (pH=3) and alkalinec pH (pH=9,5) show ing sulphur recovery
and xanthate residual concentration as function of KAX-51 dosage (A) and xanthate akyl
cham length at 75 g/t (B).

A colkctor dosage of 100 g/t gave slightly better sulphur recovery with 68 % sulphur
recovery at pH = 5 and 72 % for pH = 9.5. High residual collector concentration occurred at
100 g/t dosage for both acidic and alkaline pH (16 and 17 g/t respectively) that is why the

dosage of 75 g/t was chosen as collector dosage for longer cham xanthate testing.

Collector type testing was carried at both acidic and alkalme pH and is presented m Figure
4.3B. The collectors that have 5, 6 and 9 total carbons m ther alkyl cham correspond
respectively to the KAX-51, the hexylxanthate and trimethyl hexylxanthate as previously

described m section 4.3.2. One can notice that the last two xanthates have the same chamn
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length (6 carbons) but that the hexyl xanthate has a straight chamn while the trimethyl
hexylxanthate has a branched cham (three methyl as branching groups). The sulphur recovery
mcreased progressively as the total number of carbon of the alkyl chan increased and the
residual xanthate decreased with higher carbon number. The decrease of residual xanthate
with mcrease of total carbon number of alkyl chain indicates a better adsorption of longer
chamed xanthate. The best sulphur recovery (77 %) was reached with trimethylxanthate at
pH=9.5 at 75 g/t dosage and this long branched chain collkector was chosen for the rest of the

experiment.

4.4.2.2 Impact of pH

The impact of pH on the sulphur recovery and the residual xanthate amount was evaluated
with flotation tests using trimethyl hexylxanthate at 75 g/t (Figure 4.4).The sulphur recovery
and the residual xanthate of KAX-51 and hexylxanthate at pH=5 and pH=9.5 arc ako
reported for comparison. For trimethyl hexylxanthate, the sulphur recovery mereased for pH
lower thant 5 and higher than 9.5, reachmg 76 % and 85 % sulphur recovery at pH=4 and
pH=10.5 respectively. High pHs (pH>10) have akeady been proved inappropriate with ethyl
and amykkanthate (KAX) for pyrite flotation i previous works (Fuerstenau et al., 1968; Duc,
1992, Sirkeci, 2000; Mermillod-Blondmn, 2005; Yalcm et al, 2011). Depression of pyrite
observed in alkaline conditions (pH=>10) 8 mainly induced by the development of
hydrophilic and hydroxyled ferric oxidation products at the pyrite surface, which lowers the
number of sites likely to fix collector (Bulut et al 2004; Kongolo, 1991; Mermillod-Blondin
et al, 2005). It i also known that dixanthogen i partly responsible for pyrite flotation and
that it is formed by oxidation of xanthate ions at the pyrite surface (Wang and Forssberg,
1991; Lotter and Bradshow, 2010). However dixanthogen has a poor stability m alkalme
solutions (Fmkelstein, 1977; Jones and Woodcock, 1983). Long chain xanthates oxidize more
casily into dixanthogen than short chain due to larger mductive effect donatmg electron from
the alkyl group (Lotter and Bradshow, 2010; Somasundaran and Wang, 2006) and they also
have higher stability m alkaline conditions (pH=>10) (Jones and Woodcock, 1983). Results
obtained with trimethyl hexylkanthate at pH=10.5 are higher than results at pH=9.5 which is
connected to the results described by Jones and Woodcock (1983) that longer chain xanthates
haver higher stability in alkaline conditions.
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Figure 4 4 Sulphur recovery and zanthate residual concentration of KA -51, hexylzanthate
and trimethyl hexylzanthate at 75 git as function of pH; Filled symbols correspond to residual
zanthate amount; unfilled symbols correspond to sulphur recovery.

Eesults from Figure 4.4 mndicate that the use of trimethyl hexylzanthate henefits pyrite
flatation ewen in alkaline conditions. Thizs suggest that the higher collecting power of
trimethyl hexylzanthate counterhalances the depression effect that iz caused hy the
development of hydrophilic species at the pyrite surface at allzaline pHs. This higher recovery
of tnimethy] hexylranthate may also be related to higher stability and amount of dizanthogen
generated at the pyrite surface at these pHs compared to shorter cham zanthates like KAT-
51

Az already observed in Figure 4.3, Figure 4.4 shows that the residual xzanthate amount
wcreases with pH increase reaching 7 gft at pH = 10.5 against 3 gt for pH=%.5 and zero for
acidic pHs for flatation with trimethyl hexylzanthate. This mdicated that xanthate adsorbed
hetter at acidic than alkaline pH as already ohserved i Mermillod-Blondin (2005 and
Kongolo (19910, Stability of zanthate at pH=5 15 still guaranteed since the fast decomposition
of zanthate into carbon disulphide and alcohol occurs at pHs lower than four (Rao, 1971, De
Dronato et al, 1989, Furthermore, no other peak than the zanthate peal at 301 nm appearded
of1 the UV spectra.
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4.4.2.3 Second flotation step (scavenging)

In order to improve the desulphurization process performance (reduction of the sulphides
amount remaining in tailings), a second flotation step was added (Figure 4.5) and tested at
acidic and alkaline pHs using trimethyl hexylxanthate as collector at 75 g/t. The sulphur
recovery of the second flotation step reached 6 wt. % and 7 wt. % respectively for flotation at
acidic and alkaline pHs. It allowed a dimmution of residual sulphur to a value of 0.11 % S for
flotation at alkaline pH (pH=9.5). The residual xanthate amount mereased slightly m the
second step suggesting that the collector dosage of the second step could be lowered and

optimized to save reagent costs.

0.30 1 g1gt step (Residual sulphur) r 50
0O2nd step (Residual sulphur) 45
0,25 4 O 1st step (Residual xanthate) 40
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Figure 4.5 Residual sulphur and residual xanthate as function of the flotation pH with
trimethyl hexyl xanthate at 75 g/t. Addition of a second flotation step allows the tailings
sulphur grade to be lowered at 0.11% for flotation at pH=9.5.

4.4.2. 4 Impact of activating agents

The impact of the addition of activating agents such as air introduction (2.5 L/mm) during
conditioning or copper sulphate addition (50 g/t) was tested with the trimethyl hexylkanthate
at pH=9.5 (Figure 4.6). The reference test (trimethylxanthate at 75 g/t with pH=9.5) was
carried i triplicates. Figure 4.6 shows that activating agents, as used i the experiment, did

not improve the sulphur recovery.
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Figure 4.6 Sulphur recovery and xanthate residual concentration as function of actvating
agents (no activation, air and copper sulphate activation) with trimethy1 hexyl xanthate at 75
g/t. The error bar representing a 95% confidence mterval i mdicated for the activator free
test carried m triplicate.

The addtion of copper sulphate resulted in equivalent sulphur recovery but less residual
xanthate. This lower residual xanthate amount ndicate that there was still copper in solution
that had not adsorbed on sulphide during conditioning time and had therefore reacted with
xanthate to form a complex copper xanthate as reported by Joly et al. (2004) and Leppinen
(1990). Lowering copper sulphate addition should be considered m order to avoid formation
of copper xanthate complex due to excess of copper m solution which subtracts xanthate
aimed at sulphide adsorption (Leppmen, 1990). An appropriate copper sulphate dosage and
longer conditioning time could also be applied to allow more effective copper adsorption on

pyrite (von Qertzen et al, 2007).

4.4.2.5 Kinetic flotation modeling

Sulphur recovery evolution as a function of flotation time for the first and second flotation
steps (trmethylxanthate at 75 g/t, pH=9.5) & presented mFigure 4.7. Kinetics model
assuming a reaction of first order between particles and bubbles are often used to fit flotation

data (Benzaazoua et al., 2000; Kelebek and Nanthakumar, 2007).
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Figure 4.7 Sulphur flotation kinetic as function of time with trimethyl hexyl xanthate at 75 g/t
at pH=9.5.

Klimpel equation s presented by the following equation with R as the element recovery, R,

as the maximum recovery (%), k as the flotation rate constant (min™) and ¢ as the flotation

time (mim. ):
R(H) = Roo {1 - (1-e7)}

The Klimpel model involves a few assumptions: (i) a monodispersion of the material and (i1)
a rectangular distribution of floatabilities (Ek, 1992, Klimpel, 1997, Benzaazoua et al., 2000).
Fitting parameters of the Klimpel model are presented m Table 4.2. The first flotation step
fitted well the Klimpel model with a determination coefficient (R*) of 1.0 while the second
flotation step gave a lower determmation coefficient of 0.8. This lower fit may be explained
by the lesser mass of the second flotation concentrates which may have caused higher mass
error. The flotation constant of the two flotation steps (1-3 min™) were of the same order than
the sulphide flotation constant of other works (Benzaazoua et al, 2000; Kelebek and
Nanthakumar, 2007, Yakin and Kelebek, 2011). The presence of coarse particles in the feed

did not lower the flotation constant expected in a flotation process. Moreover, the good fitting
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of flotation including coarse particles with a first order kinetic model suggests that coarse
particles may have similar flotation behavior than finer size fractions.

Table 4.2 Fitting parameters of the Klimpel model for the first and second flotation steps with
corresponding determination coefficient (R?)

First flotation step Second flotation step
R. k(min”) R° R k(mm~) R’
Klimpel model 86 2.57 1.000 5 2.42 0.814

4.4.3 Physical, chemical and mineralogical characterization of flotation products

4.4.3.1 Chemical and physical characterization

The sulphur content and specific gravity of the feed and the flotation products resulting from
the optimal test carried in triplicates (trimethyl hexylxanthate at 75 g/t at pH=9.5) arc
presented in Table 4.3. The sulphur and particle size distribution of the flotation materials are
shown in Figure 4.8. Due to a lack of material, only three fractions of the first concentrate
(first flotation step- Figure 4.8C) were analyzed and the second concentrate did not yield

enough material to perform a size distribution characterization.

Table 4.3 Sulphur grade and specific gravity of the feed and the flotation products (from test
with trimethyl hexylxanthate at 75 g/t at pH=9.5)

Element Feed 1" concentrate 2" concentrate  Tailings
S (%) 0.75 45.7 33.0 0.13
Specific gravity (G;) 4.5 4.2 f/ 4.5

The desulphurization led to a good result as the sulphur content of the mitial material was
lowered from 0.75 % S to 0.13 % S with a total sulphur recovery of 84 %. The first
concentrate i an almost pure sulphide product with a sulphur grade of 45 % (corresponding
to pwrite theoretical sulphur grade) as shown by smmilar mass and sulphur distribution
reported m Figure 4.8C. The second concentrate has more entramment with a lower sulphur
grade of 33 %. As presented in Figure 4.8, the feed presents a wide sulphur and size
distribution. The sze distribution of the tailings is very close to the feed distribution (Figure
4.8A) except for higher fme particles proportion (fraction below 90 pm) that may be due to a
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slight attrition caused by high rotation speed during the flotation test (Grénstrand et al.,
2006).
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Figure 4.8 A) Partick size dstribution of the feed and the desulphurized tailmgs; B) Sulphur
distribution of the feed and the desulphurized tailings; C) Sulphur and particle size
distribution of sulphur concentrate; D) Sulphur recovery as function of particle size

distribution.

The tailings sulphur distribution (Figure 4.8B) & shifted toward coarser particles compared to
the feed sulphur distribution. This shift underlines a steady decrease of sulphur recovery from
425 um to upper fractions as illustrated by Figure 4.8D, where sze by size recovery was
calculated from the feed and tailings sulphur distribution. Results in figure 4.8D outline three
different size categorics as function of sulphur recovery. Fractions up to 425 pm had
excellent sulphur recovery over 90 %. Fraction from 425 pm to 850 pum had lower recovery
from 55 % to 80 %. The coarser fractions 850-1400 um and above 1400 ym had poor sulphur
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recoveries of 24% and 40 % respectively. If sulphur recovery of the fraction from 425 pm to
850 um could be further increased, the target of 0.05 % S in the desulphurized tailings could
be reached despite the poor recovery of the very coarse fraction (above 850 pm).

4.4.3.2 Mineralogical characterization

XRD analyses of the feed (Table 4.1) allowed identification of the major minerals
constituting the hemo-ilmenite ore with pyrite being the only sulphide detected
Mineralogical characterization through optical microscopy and scanning clectron microscopy
coupled to SEM-EDS microanalysis (Figures 4.9 and 4.10) confirmed that pyritc was the
most abundant sulphide and allowed observation of the specific texture of the hemo-ilmenite
ore (Figure 4.9B), which consists of exsolution intergrowths of hematite and ilmenite, as
alrcady described m a previous study (Pepm, 2009, Plante et al., 2011a). It also showed the
presence of other sulphides like chalcopyrite (CuFeS,), siegenite (N,C0);S,) and millerite
(NiS). Mineralogical investigation of the tailings allowed an evaluation of the residual
sulphide association, liberation and locking degree. Locked and mainly partially locked
sulphides in hemo-ilmenite grains were found i the tailings (Figure 4.9A, B and C). Many
liberated sulphides were also detected (Figure 4.9C, D and F). The sulphur occurring in the
coarser fractions (Figure 4.8B) expressed as locked sulphides (pyrite) cannot be recovered by
flotation. Mineralogical characterization of the first concentrate confirmed s high sulphide
grade and the presence of very coarse liberated pyrite grams up to 1.5 mm (Figure 4.10A). A
few hemo-ilmenite grains were entrained as illustrated by Figure 4.10C and estimated in a
previous work at 0.1 % hemo-ilmentte recovery (Derycke et al. 2009). The second
concentrate contains more hemo-imenite whik still having a reasonably high sulphide grade
(33 %85). It also allowed recovery of very coarse pyritc minerals of about 1 mm ( Figure
4.10D) but was constituted of more mixed grams of gangue and sulphides compared to the
first concentrate as illustrated by Figures 4.10D, E and F.
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Locked sulphides within tailings Liherated sulphides within tailings

Hucum

Figure 4.9 SEM back-scattered images of tailings remaming sulphides (A, B, C: locked
sulphide; D, E, F: liberated sulphide)
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Figure 4.10 SEM back-scattered images of 1" sulphide concentrate (A, B and C) and 2"*
sulphide concentrate (D, E and F).
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The fist concentrate contamed mainly liberated grains of pyrite m all size fractions and the

second concentrate was mostly constituted of mixed grains of sulphide and gangue.

4.5 Conclusions

The greatest performance obtaned among the desulphurization results were obtaned with
two flotation steps with long branched cham xanthate (trimethy] hexylxanthate) as collector
at 75 g/t and a pH of 10.5. It allowed lowermg the tailngs sulphur grade down to 0.10% S
with hardly any entramment in the concentrates (sulphur grade of 46% and 33% for first and
second concentrate respectively) and a final recovery of 84%. The residual 0.1% sulphur
remained mainly as coarse sulphide over 400 pum both as partly locked and liberated
sulphides (mamly pyritc). However, further merease of the sulphur recovery of fraction 4235
um to 850 pm would allow reaching the target even if sulphur recovery of fraction above 850
um remains low. pH modification necessitated 60 g/t and 200 g/t of sodium hydroxide for
pH=9.5 and pH=10.5, respectively. Acidification of the pulp to reach pHs of 4 and 5 required
sulfuric acid (0.3 and 0.4 L/t respectively).

The desulphurization of the hemo-ilmenite with coarse pyrite ore by using flotation has led to

the follow ng conclusions and recommendations:

- Flotation at acidic pH (pH=4-5) and akalme pH (pH=9.5-10.5) allowed good pyrite

ICCoOvVery.

- The use of long branched chain xanthate has helped improving the desulphurization process
performances for sample contaming coarse pyrite (75-1200 pm) from to 61 % to 77 %
sulphur recovery at pH= 9.5.

- Trimethyl hexylxanthate allowed excellent recovery (over 90%) of sulphide up to 425 um
although fractions above 850 um reached the limit of the flotation technique with recovery
below 30 %.

- Long chain xanthates performed better than shorter chain xanthate i alkaline conditions.

- Addition of a second flotation step allowed to reach 84 % sulphur recovery and to decrease

residual sulphur to 0.10 %.
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- Long chain and branched chain xanthates adsorbed better at the pyrite surface since residual
xanthate decreased from 10 g/t for KAX-51 to 3 g/t for trimethyl hexylxanthate at pH = 9.5
for an mitial collector dosage of 75 git.

- Residual sulphides (unfloated) were mainly coarse pyrite as liberated as well as partially

locked minerals.

The 0.05 % residual sulphur target within tailings has not been reached but mportant
sulphide reduction was achieved even as coarse particle. If lower SO, emissions limits were
required, a combimation of desulphurization by flotation and small off-gas cleaning plant

system could be evaluated.
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5.1 Abstract

Arsenopyrite i the most common arsenic bearing mineral encountered in mine ores
worldwide. Its presence in mine tailings can be the source of arsenic contammated neutral
dramage (CND). This contamination happens when sulphides within the tailings oxidize
under atmospheric conditions. CND effluents are chamacterized by ¢ rcum-neutral pH, metals
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and metalloids release (like arsenic) at concentration over regulation limits or biological
tolerances. Environmental desulphurization mtends to prevent mine drainage by
concentrating sulphides using flotation and producing a desulphurized tailings that can be
managed at lower costs. Desulphurization i a promising technique for the control of CND
and has already been applied on tailngs to prevent acid mme dramage. This work aims at
evaluating the mpact of crushing, conditioning, activation and collector adsorption as well as
air-oxidation (aging) on the arsenopyrite surface. Isoamylxanthate and copper sulphate were
tested as collecting and activating agents, respectively. Coupling XPS and DRIFTS
techniques allowed evaluating the oxidation layer speciation and distribution across the
arsenopyrite surface. Arsenopyrite dry crushing produced a thin heterogencous oxide layer
mamly constituted of arsenic and won oxides with mmor elemental sulphur and iron
sulphates. Amenopyrite acidic conditioning caused thmning of the oxidation layer through
partial dissolution of preexisting oxidation products. It also enhanced sulphur and arsenic
oxidation rates causing an mcrease of the oxide layer coverage. Xanthate mteraction with
arsenopyrite surface led to ron or arsenic xanthate adsorption as a quastmonolayer structure
along with dixanthogen formation and adsorption as a multilayer system. Copper activating
action was mitigated by the acidic condition. It led to lesser dixanthogen formation when no
residual copper was left in solution and to copper xanthate precipitation at the arsenopyrite
surface when residual copper was left m solution. Those results led to better understandng of

arsenopyrite surface chemistry before and after collector adsorption.

5.2 Introduction

Arsenopyrite is a mineral present m many mine ores worldwide. Its presence m tailings may
mduce acid mme drainage (AMD) or contaminated neutral drainage (CND) by oxidation of
arsenopyrite under atmospheric conditions (Aubertin et al., 2002; Brown Jr and Calas, 2011;
Liang and Thomson, 2010). CND occurs when neutralizing minerals counterbalance the
acidity produced by sulphide oxidation (Heikkmnen et al., 2009, Plante et al., 2011a). It &
characterized by circum-neutral pH effluents containing dissolved metaks and metalloids like
arsenic. The oxidation of arsenopyrite presented by equation 5.1 produces arsenate, AsO,>",
that dissolves nto water under oxidizing conditions (Cheng et al, 2009, Haffert and Craw,
2008; Lengke et al.,, 2009).
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(5.1) 4TeAsS + 130, + 6 H,0 — 4 F&" + 4 H; A0, + 4 SO,°

Arsenopyrite flotation has mainly been considered for economic reasons like decreasing the
arsenic content of sulphide concentrates to smelters (Bruckard et al., 2010; Bruckard et al.,
2007, Draskic et al, 1983; Ma and Bruckard, 2009) or to concentrate gold bearing
arsenopyrite (Diaz and Gochin, 1995; Duc, 1992; Huang et al., 2006; Lopez Valdivieso et al.,
2006; Mavros et al., 1993; Monte et al., 2002). The use of mmeral processing technology
such as flotation for environmental purposes has been developed through environmental
desulphurization. This process aims at preventng acid mme drainage by concentrating
sulphides to produce a desulphurized tailings. By this mean, low cost tailings storage can be
applied if mme dramage generation is avoided. Desulphurzation using flotation in order to
control acid mme dramage has alrecady been proved successful on several mine tailings
(Benzaazoua et al., 2004; Benzaazoua et al, 2000; Bruckard and McCallum, 2007, Kongolo
ctal, 2004; Leppinen et al, 1997; Yalem et al., 2004) and its application to prevent CND has

receved very few attention (Diaz and Gochm, 19935).

Arsenopyrite surface chemistry and oxidation process have been studied usmg a wide variety
of techniques among the most used were cyclic voltammetry (Beattiec and Polng, 1987,
Mikhlm et al., 2006) and spectroscopic tools such as X-Ray photoelectron spectroscopy
(XPS) (Huang et al., 2006; Lara-Castro et al, 2010; Nesbitt et al., 1995; Pratt et al., 1998
Schaufuss et al., 2000). XPS allows chamcterzimng mineral surfaces at atomic scale with a
signal covering the first 50 A of the mmeral oxidation layer (if no ionic ablation is applicd).
Diffuse reflectance infrared Fourier transformed spectroscopy (DRIFTS) (Monte et al., 2002,
Valli et al, 1994), less used for arsenopyrite surface characterization, allows evaliating the

whole oxidation layer with a signal covering 25000 to 83000 A in the studied range.

Xanthates are often used as collector for arsenopyriic concentration. Arsenopyrite
hydrophobicity induced by xanthates 1 assigned to dixanthogen formation and adsorption at
the arsenopyrite surface outlined through DRIFTS and cyclic votammetry (Duc, 1992
Huang et al, 2006; Lopez Valdivieso et al, 2003; Lopez Valdivieso et al., 2006; Ma and
Bruckard, 2009) as well as arsenic xanthate complex formation (As (III) alkykanthate)
outlined through DRIFTS and density functional theory (Ma and Bruckard, 2009; Persson,
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1994; Valliet al., 1994; Yekeler and Yekeler, 2005). Works from Duc (1992), Sirkec1(2000)
and Lopez Valdivieso et al (2006) showed that arsenopyrite floats well at acidic pHs with
xanthate as collectors and that arsenopyrite surfaces are depressed at pH higher than 8.5,
contrary to pyrite that shows good flotation recovery at alkaline pHs (Duc, 1992; Mermillod-
Blondm, 2005, Sirkeci, 2000).

The difference of flotation behavior of arsenopyrite at acidic and alkaline pHs was previously
mnvestigated through chemical surface characterization. For acidic condition, ron dissolution
from arsenopyrite creates a sulphur rich surface that becomes hydrophobic (Vreudge, 1982).
At alkaline pH, cyclic voltammetry studies conducted by (Wang et al, 1992) revealed the
formation of mwon oxides and realgar (AsS) at the arsenopyrite surface which explain is
depression by preventing the reaction of xanthate oxidation mto dixanthogen (Beattic and

Poling, 1987, Vreudge, 1982).

Copper sulphate can be used as an activator for arsenopyrite flotation and its use can lower
the amount of collector needed (Liand Zhang, 1989; Lépez Valdivieso et al, 2006; Monte et
al., 2002). Wang et al. (1989) and Lépez Valdwicso et al (20006) suggested that copper ions
activate arsenopyrite through the formation of copper arsenosulphide (CuAsS). Moreover,
copper arsenite (Cus(AsO,);) at acidic pH, and arsenate (Cua(AsO,),) at alkalme pH allow
adsorption of xanthate. Li and Zhang (1989) reported the formation of CuS at the

arsenopyrite surface which allows its flotation.

The interactions of xanthate with arsenopyrite have received less attention than the
pyrite/xanthate system m the literature and DRIFTS is rarely used to characterize the xanthate
phases adsorbed at the arsenopyrite surface (Persson, 1994; Valli et al, 1994). The main
purposes of this study are to characterize arsenopyrite surface through different conditioning
steps: crushing, pH conditioning, activation and collector adsorption as well as evahating the
impact of air-oxidation (aging) on arsenopyrite surface. XPS and DRIFTS were employed as
complementary methods of surface characterization before collector adsorption. UV
spectroscopy and DRIFTS were used as complementary methods to characterize the

arsenopyrite/xanthate system after collection. In this study, increasing amounts of xanthate
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and dixanthogen compounds onto arsenopyrite surface will be interpreted as better flotation

properties.

5.3 Material and method

5.3.1 Physical, chemical and mineralogical characterization methods

Specific gravity (Sg) of the arsenopyrite sample was determmed with a helium pycnometer
(Micromeretics, Accupyc 1330). Particle size distribution of the sieved fraction of
arsenopyrite was determined using a Malvern Mastersizer laser particle size analyser. The
Specific surface area (SSA) was analysed by a Micromeritics surface area analyser using the
B.E.T method (Brunauer et al, 1938). The chemical composition of the high grade
arsenopyrite sample was evaluated through a complete digestion in HNO,/Br,/HCVHF; the
obtained solution was then analysed using an mductively coupled plasma and atomic
emiss ion spectroscopy (ICP-AES, Perkin Elmer). Mineralogical characterization was carried
using Bruker A.X.S. D8 advance x-ray diffraction (XRD) mstrument equipped with a copper
anticathode (Cu Ka radiation). The diffractograms were nterpreted using EVA software for
wentification and TOPAS sofiware for mmeral quantification based on the Rietveld method
(Rietveld, 1993). Mineralogical investigation of pure arsenopyrite (polished sections) was
also completed through micro-scale optical microscopy (OM) usmng a metallographic
microscope; reflection mode (Nikon Optiphot2-Pol). Further information was obtamed
through Scanning elkectron microscope (SEM) observations on a Hitachi S-3500N VP-SEM
coupled to an X-ray energy dispersive spectrometer (EDS) (Oxford Instruments). Xanthate
concentrations were measured with a UV-VIS spectrophotometer (double beam Shimadzu
UV-2501PC) using the 301 nm adsorption band i no other interfering band appeared i the
spectrum (Kongolo, 1991; Rao, 1971).

Surface characterization through mfrared and X-ray photoelectron spectroscopics was
detailed in Derycke et al. (2012). Infrared spectra were recorded with a Fourier transform
mfrared spectrometer Bruker IFS 55 equipped with a mercury-cadmum telluride (MCT)
detector and connected to a diffuse reflectance apparatus from Harrick. XPS analysis were

performed using a KRATOS Axis Ulra X-ray photoelectron spectrometer (Kratos
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Analytical, Manchester, UK) equipped with a monochromated AlKa X-ray source
(hv=1486.6 eV) operated at 150 W.

5.3.2 Reagents

The pH regulators reagents were solutions of H,SO, or NaOH. Copper sulphate pentahydrate
(CuS0,.5H,0O) was used as an activator. Potassium isoamylxanthate, also called as KAX-51
from Univar Canada Ltd. was used as a collector. It was purified by dilution m acetone and
precipitation in diethyl ether according to the procedure described by Rao (1971). Its akyl
chain formula & R = C;H;; and its structure s as follow:

Isoamylxanthate (R= C;H;;)

5.3.3 Samples preparation and testing

High grade arsenopyritc samples were obtamed from Panasquera mme (Portugal) a
hydrothermal W-Sn deposit (Noronha et al, 1992). For the experment, minerals were dry
crushed m a steel mortar (Abich’s mortar). Dry crushing was used to prepare amsenopyrite
samples and although this process may not be as close to industrial reality as wet crushing
will be, the authors assume that one hour pH conditioning s enough to bring the mineral
surface n equilibrium with the solution (Brienne et al, 1996; Bulut et al., 2004; Caldeira et
al., 2008; De Donato et al, 1999; De Donato ct al, 1993; Fuerstenau et al, 1990; Lopez
Valdvieso et al, 2006). Furthermore, Duc (1992) has outlined through XPS investigation
that mmor changes occurred at the arsenopyrite surface between dry and wet crushing.
Arsenopyrite was then sieved to obtain the size fraction 32-63 pm, a fraction proved to lead
to high quality spectra with DRIFTS (Mermillod-Blondin, 2005). The crushed samples were
stored m a freezer m an airtight bag and used within three days to avoid surface oxidation.
Some samples were stored at room temperature to evaluate the mpact of ar-oxidizing

conditions (aging) on arsenopyrite surface.

Mineral aqueous conditioning was realized by addition n a centrifuge tube of 1 gram of
arsenopyrite into 40 mL of a solution of ultrapure water (Millipore filtration system, 18.2
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MQ.cm at 25 °C) containing different NaOH or H, SO, concentrations. Testing tubes were
then placed on a rotary shaker at a constant temperature of 30°C for one hour. For tests where
copper sulphate was added as an activating agent, solution of copper sulphate was added to
obtain a copper concentration of 1.8.10" moll. and test tubes were conditioned for an
additional ten minutes at 30°C m a rotary shaker. The amount of NaOH or H, SO, added was
calibrated to obtam the pH 4.5 at the end of the pH conditionmg tme (1 hour plus 10
minutes, if copper sulphate was added). For tests where copper sulphate was added as an
activating agent, the aqueous solution was renewed with ultrapure water after copper
conditioning or unchanged to evaluate the mpact of residual copper absence or presence in

solution on copper activation.

Isoamylxanthate was added at different concentrations and conditioned for another ten
minutes at 30°C m a rotary shaker. The solid and liquid phases were then secpamted by
centrifugation (10000 RPM for 20 minutes). The equilibrium solution was analysed for pH,
Eh, and by UV spectroscopy to measure the amount of residual xanthate (unadsorbed
collector). The filtered solid was dried on a filter paper for a short time, sampled and
analyzed by DRIFTS. The sample analyzed by XPS was stored undried in a nitrogen filled

glove box to avoid oxidation.

5.3.4 Statistical surface coverage calculation
Xanthate adsorbed amount was determined by the difference between mitial (Ci) and
equilibrim (Ceq) xanthate concentration. The equilibrium xanthate concentration was

determined by UV spectroscopy using the following equation: (Fornasiero et al, 1995,
Montalti et al., 1991; Prestidge and Ralston, 1996).

(52) Ceq =Ci— CM'[C — CPX — 2CX2 — CX

where Cyp 18 the monothiocarbonate concentration (peak at 225 nm), Cpy is the perxanthate
concentration (peak at 348 nm), Cx, 18 the dixanthogen concentration (peak at 288 nm) and

Cx 18 the xanthate concentration (peak at 301 nm)

The xanthate molar extinction coefficient used i 17660 L/mol'cm whatever the chain length

(Chang et al, 1999; Jones and Woodcock, 1983; Kongolo, 1991; Poling, 1976).
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Monothiocarbonate and dixanthogen were negligible i the experiment. Perxanthate was
present in UV spectra at high initial xanthate concentration (peak at 348 nm). The peak at 348
nm does not interfere with the xanthate peak at 301 nm. Its molar extinction coefficient, as
found in the literature, is 10400 L/molem (Jones and Woodcock, 1983). The statistical
surface coverage, 6, was calculated by us mg cquation (5.3):

v
mx*Sg

(5.3) 8= (Ci —Ceq) *EL* Ny

where V is the liquid phase volume (L), m & the mass of minerak (g), SS corresponds to its
specific surface area (m’/g), Ex is the specific coverage area of the ion (A%), and Ny is the
Avogadro number. The specific coverage area of the xanthate ion s considered to be
equivalent to its cross-sectional arca on closest packing bases. It is equal to 29 A* for
isoamylxanthate as specificd m the literature (Cases et al, 1989, Gaudm ct al, 1946,
Kongolo et al, 2004; Mielczarski et al., 1998; Tukel and Kelebek, 2010).

5.4 Results and discussion

Section 5.4.1 briefly characterized the arsenopyrite samples as pure minerals, sieved in a
unique fraction. Surface characterzation of arsenopyrite before adsorption (section 5.4.2)
was performed by coupling XPS and DRIFTS technique. This section outlines arsenopyrite
speciation and organization of the oxide layer in the prospect of collector adsorption. Since it
is well known that sulphide surface chemistry directly affects the collector adsorption ability
(Cases and De Donato, 1991; De Donato et al, 1999; Kongolo et al., 2004; Memillod-
Blondin, 2005). Section 5.4.3 describes the interaction between soamylxanthate and the
arsenopyrite surface under acidic conditions. UV spectroscopy and DRIFTS are used as
complementary tools to characterize xanthate evolution both in solution and at the

arsenopyrite surface i the absence or presence of an activating agent (copper sulphate).

5.4.1 Physical, chemical and mineralogical characterization of pure mineral samples

XRD spectrum, optic and scanning elkctron microscopies (results not presented herein)
confrmed that arsenopyritc sampks were pure with some albite, muscovite and quartz.
Calculation from elemental analysis of the samples showed that arsenopyrite samples were

pure at 93 wt.% with a specific gravity of 6.2, typical of arsenopyrite minerals (Tablk 5.1).
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Physical characterizations of samples are ako presented n Table 5.1 ndicating the size

distribution of the sieved fraction and a specific surface area of 0.08 m’/g.

Table 5.1 Physical, chemical analysis and mineralogical quantification of pure mineral

samples
Flement Arsenopyrite sample
S (%) 15.4
Fe (%) 349
As (%) 42.9
Pb (ppm) 40
Cu (ppm) 30
Zn (ppm) 10
Bi (ppm) 20
Al (ppm) 380
Ca (ppm) 260
Mg (ppm) 0
Mn (ppm) 0
Sb (ppm) 30
Co (ppm) 20
Ni (ppm) 10
Arsenopyrite (wt. %) 93.0
Specific gravity (S¢) 6.2
SSA*(m/g) 0.08
Particle size analysis
Dio (um) 40.0
Dsg (um) 62.4
Doo (pm) 110
Ci=(Ds/Dy o) 1.8

5.4.2 Surface characterization of arsenopyrite before collector adsorption

XPS and DRIFT analyses, conducted on arsenopyrite after crushing, agmg and aqueous
conditioning at pH = 4.5, are presented in sections 5.4.2.1 and 5.4.2.2 respectively. For each
technique, a quick literature review i presented as guideline for X-ray photoelectron and
diffuse reflectance infrared spectra nterpretations. Sections 5.4.2 presents characterization of
the superficial oxidation layer of arsenopyrite before collector adsorption from the outmost
part with XPS mvestigation to deeper analysis with infrared spectroscopy (Duc, 1992; Monte
et al, 2002; Nesbitt et al., 1995).
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5.4.2.1 XPS analysis: outmost surface products
XPS analyses was performed on arsenopyrite after crushing, after aging for two months (62
days) and after conditioning at pH = 4.5 for an hour. The results of narrow scans are

presented in Table 5.2 and allow characterization of the outmost surface products.

Ion sputtering was then performed on crushed arsenopyrite to reveal underlying surface
products although no depth estimation was attempted due to the powder nature of samples.
Main mterpretations are argued on the bases of As(3d), S(Zp), Fe (2ps.) and O(/5) core levels
data.

- Interpretation of As(3d)spectra

As(3d) narrow spectra present a major peak at 41 eV assigned to arsenopyrite lattice. Its
contribution i 51 at.% for both crushed and aged arsenopyrite (Table 5.2). Conditioned
arsenopyrite has much lower contribution of arsenopyrite lattice with 25 at. %. Arsenic
oxides were present for all spectra with peaks at 44 eV for As(l) and 45 eV for As(III). No
As(V) was detected m the As(3d) narrow scan for all samples. Elemental arsenic showed a
peak at 42 ¢V. It had a similar contribution for all sample with 9 at.% for crushed and aged
arsenopyrite and 7 at.% for conditioned arsenopyrite. Elemental arsenic s produced during

fracture of As-S bonds. (Schaufuss et al., 2000).



Table 5.2 Bindings energies values, full width at half maximum (FWHF), atomic percentage and mterpretation for As(3d), S (2p), Fe
(2p) and O (Is) of arsenopyrite fraction after grinding, after 1 month aging and afier 1 hour conditioning at pH=4.5

Arsenopyrite After grinding 2 mon ths aging After conditioning In terpretation
sam fes (pH=4.5)
AS(3d 5z)" BE (eV) at% BE (V) at% BE (V) at% O.N. State Spedes
{FWHM (eV) (FWHM (V) (FWHM (V)
F1.01 (0.5 50.9 4089 (0.8 50.6 4092 (0.7) 252 AS(-T) Tdtice ATsenopyIie o
41.62 (0.9 94 4147 (1.2) 9.1 4144 (1.3 72 As(0) Surface Elemental arsenic *
43.63(1.2) 186 43.57 (1.6) 23.6 4381 (1.9 25.8 As(+]) Sirface Arsenic oxide ©
4436 (1.2) 211 44.68(1.6) 167 45.02 (1.3 41.8 As(+1I0) Surface ATsent e oxide "
8(2p s2)¥* BE (&V) at% BE (e V) at% BE(eV) at% O.N. State S pedes
{(FWHM (el) {(FWHM (e}) (FWHM (b))
16111 ©0.7) 73 16095 (0.7) 88 T61.04 0.7 43 -1 SurTace Monosulphide =
16210 0.5 599 16201 08 666 T6Z 02 (0.9) 46.0 1) Latice ATsenopyrie
16353 (1.9 192 1635319 156 16328 (1.9) 240 50) Surface Elemental
- - - - 166 .56 (1.3) 62 SIV) Surface Sulphite **
168.12 (20)  13.6 167.85 (2.0) 9.0 16851 (2.0 19.5 SV Surface Sulphate =
Fe@p :)** BE (&V) at% BE (V) at% BE (eV) at% O.N. State S pedes
{(FWHM (el) {(FWHM (e}) (FWHM (b))
70711 (1.0)  60.5 70711 @9 51.4 707 13 (0.9) 19.9 Fe(ll) Tdtice ATSenopyrie
70903 2.2 100 70893 227 146 700 20 (217 12.6 Te(W/II) Surface Fe(1l) oxide or Fe(ll)
711.15 (2.3} 248 711.00 2.3 26.3 71122 (2.4) 49.0 Fe(IIT) Surface Fe(IlT) oxy-hydroxide °
71331 2.2) 47 71331 2.0 7.6 71325 (2.4) 15.0 Fe(IlT) Sirface Fe(Ill) sulphae "
- - - - 714 25 (2.4) 3.6 Fe(Il) Latice Satellte
Odls) BE (eV) at% BE (eV) at% BE (eV) at% O.N. State S pedes
{FWHM (eV) (FWHM (V) (FWHM (V)
53040 1.2 251 53040 1.3 27.4 - - O Surface Oxide =
33134 (1.6 6.1 53131 1.7 60.8 3310 (1.6 81.5 O SurTace Hydroxide™
53280 (1.9 108 53299 1.9 11.8 3322 (1.5 18.5 o0 Surface Adsorbed water"

* Schaufuss e al., 2000 ; ° Benzaazoua, 1996; “Nesbit & al, 1998; “*Hacquardet al., 1999; ® Caiet al, 2009 ; ' Demoisson e al., 2008; Prat e al, 1998; * Costa & al., 2002; ' Prait et
al., 1996; ¥ Atenas e al, 2005. * Spin-orbit doublets were used to fi the data of narrow scan S(2p). S (2p:z), A 2piz) doublets and A 3dyz), As(3dsz) doublets contribitions were
summedto oltain the total proportion of each oxidaion state. ** Fe(2p 32) high energy tail spedrahave been fitted ignoring the known multiplet spliting of iron as a mean to offer a

relaive quantificaion of the different chemical state of iron
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- Interpretation of S(2p) s pectra

S(2p) spectra were all fitted using doublets 2p3/2 and 2p1/2 separated by a spm-orbit splitting
of1.18 eV, a peak area ratio of 2:1 and same widths. The major contribution of S(2p) spectra
was the peak with binding energy at 162 eV assigned to arsenopyrite (Costa et al, 2002,
Schaufuss et al., 2000). Its contribution mcreases from 60 at.% after crushing to 67 at. % afier
2 months agng. Conditioning at pH = 4.5 decreases arsenopyrite signal to 46 at.% meaning
that the sulphur contribution from surface oxidation products increases with acidic solution.
The peak at 161 ¢V was assigned to monosulphide ions issuing from redox reactions since
monosulphides formed by the rupture of S-Fe or S-As bonds are highly reactive phases that
oxidize rapidly into sulphate or disulphide (Schaufuss et al, 2000). The work of Schaufuss et
al. (2000) outlines the presence of this high energy tail for arsenopyrite S(2p) spectra. This
high energy tail (164 eV and above) has been reported to correspond to elemental sulphur,
polysulphide, thiosulphite and sulphate species (Nesbitt and Muir, 1995; Peng et al., 2012).
No attempts to separate elemental sulphur from metastable polysulphide have been made
since polysulphides presence, that may also be referred to as metal deficient sulphide (S,
2<n<8), appear on XPS spectra with intermediate energies between 162.5 eV to 165.0 eV due
to different possible oxidation states while clemental sulphur i reported at 164.0 eV (Nesbitt
ct al., 1998). ). Polysulphides are therefore difficult to identify and separate from elemental
sulphur by XPS (Mycroft et al., 1990; De Donato et al., 1993; Nesbitt et al, 1998, Caiet al,
2009; Peng et al. 2012). In this work, the peak at ~164.4 eV ® assigned to elemental sulphur
and/or polysulphide which were found at this energy m other works (Cai et al, 2009,
Demoisson et al 2008; Peng ct al, 2012). Analyses at low temperature (liquid nitrogen
cooling) would have confirmed the presence of elemental sulphur which is volatile m ultra-
high vacuum at room temperature. The presence of elemental sulphur in XPS spectra at room
temperature mplies that elemental sulphur was protected from sublimation by other surface
products overlayers (Demoisson et al., 2008). The peak with binding energy at 167 eV was
assigned to sulphite as reported by Cai et al. (2009), Nesbitt et al. (1995) and Schaufuss et al
(2000). Sulphite signal only appears mn the spectrum of condtioned arsenopyrite with a
contribution of 6 at.%. Sulphate signal appears i all arsenopyrite spectra with a peak at 168
¢V and a contribution that decrease with aging from 14 at.% to 9 at.% and mcrease with

conditioning with a contribution of 20 at.%. However given the broadness of this peak
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(FWHM up to 2 eV, Table 2) the presence of thiosulphate cannot be excluded. Thiosulphate
presence 18 however uncertain as it partially overlaps the sulphate peaks (Cai et al., 2009).
Fujsawa et al (1994) outlined the presence of a broad satellite shake-up loss feature i the
high energy tail of S(2p) spectra assigned to S(3p) or Fe(3p) transition to S(2p). In some
works, it ¥ mcluded as an unconstramed contribution (Peng et al., 2012). However, since its
binding energy shift and itensity related to lattice S,” remain unclar and that its
contribution is minor (Peng et al, 2012), its contribution was not added to the S(2p) fit for
the purpose of this paper.

- Interpretation of Fe(2p;;)s pectra

The peak Fe(I1)-S at 707 eV was assigned to arsenopyrite lattice (Nesbitt, 1998; Pratt et al,
1998). This narrow symmetrical peak at a low-spin state (no multiplket splitting) has a major
contribution which decreases with agmg from 61 at.% to 51 at.% and with conditionmg (20
at.%) as reported m Table 5.2. Near this strong peak, there 1 a high-energy tail that goes up
to 714 V. Many studies have proposed mterpretation of this wedge-shaped tail composed of
multiplet peaks of both Fe(Il) and Fe(III) species (Mullet et al, 2008; Mycroft et al., 1990,
Nesbitt et al, 1998, 2000). Nesbitt et al. (1998, 2000) distinguished Fe(Il) and Fe(II)
multiplet allowing quantification of Fe(Il) over Fe(Ill) surface product ratio. However, as this
work aims at comparing the differences between arsenopyrite crushing and conditioning step,
a relative quantification of the different chemical states of ron without taking mto account
the iron multiplet structure was adopted by using broad peaks shapes. This latter approach
was used m previous works (De Donato et al, 1999; Lin etal, 1997; Descostes etal, 2001,
Cai et al, 2009 and Peng et al, 2012) and avoid the difficulty and uncertamty of separating
overlapping multiplets peaks of Fe(I) and Fe(IIT) (Mullet <t al., 2008). The high energy tail
has been fitted with three peaks at 709, 711.2 and 713.3 eV for arsenopyrite after crushing
and after 2 months agng. The first corresponds to ferrous oxide or ferric monosulphide, the
second to ferric oxy-hydroxide and the thrd to ferrous sulphate (Table 5.2). Ferric
monosulphide has been reported to form at the arsenopyrite surface due to rupture of the S-
Ag bond and stabilization through electron transfer from adjacent iron sites by Nesbitt et al.
(1998) although arsenopyrite fracture condttions were very different from this study
(vacuum-fractured pyrite). This hypothesis was corroborated through charge analysis by Von
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Oertzen et al. (2006). The presence of Fe(II)-S signak could also be attributed to pyrrhotite
mpurities within the pyrite samples (although no pyrrhotite could be detected by XRD) or to
oxidation after crushing (Demoisson et al. 2008). A fourth peak with binding energy at 714.3
eV was added to fit the high energy tail of arsenopyrite after condtioning spectra (Table 5.2).
This last peak was assigned to a satellite as its energy is too high to be related to ferric
sulphate. It could correspond to a satellite peak of the arsenopyrite lattice peak at 707.1 eV ag
reported n Nesbitt et al. (1995).

- Interpretation of O(Is) spectra

The O(/s) spectra of arsenopyrite after crushing and after 2 months aging shows three major
components with peaks at 530, 531 and 533 eV respectively assigned to oxides, hydroxides
and adsorbed water (Nesbitt, 1998; Pratt et al., 1996). Oxides signals mereases slightly with
agmg from 25 to 27 at.% but is absent from conditioned arsenopyrite spectrum. Hydroxides
contributions highly increase from 6 at.% afier crushing to 61 at.% for aged arsenopyrite and
to 82 at.% for conditioned arsenopyrite. The arsenopyrite conditioned at pH = 4.5 only has
hydroxide species since there is no peak at 350 eV. The adsorbed water signal ako increases

from 11 at.% to 12 at% with aging, and to 19 at.% with conditioning.

The C(1s) spectra 18 not presented m this paper smce it only had the peak related to
adventitious carbon at 284.6 V.

- Interpretation of calculated ratios

The ratio O(75)/S(2p) (Table 5.3) i an indication of the alieration degree of sulphides (Duc,
1992) and i calculated directly from broad scan values. It i about 2 for arsenopyrite afier
crushing and after 2 months aging. The ratio of the conditioned fraction does not appear in
Table 5.3 as the participation of the adsorbed water from conditioning m the O(/s) signal
biased the ratio. In this table, surface and lattice proportion of sulphur, ron and arsenic were
calculated from the total element atomic percentage (broad scan) weight by the proportion of
the element as lattice or surface products as assigned in table 5.2.
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Table 5.3 Ratios of total, lattice and surface elements calculated from XPS results of

arsenopyrite
After 2 month After
grinding aging conditioning
Total ratios
O(15)/S(2p) 2.0 2.3 /
Lattice ratios
Fe(2p)/S(2p) 0.6 0.6 0.5
As(3dYS(2p) 1.0 0.9 1.7
As(3d)/Fe(2p) 1.7 1.7 3.6
Surface ratios
Fe(2p)/S(2p) 0.6 1.0 1.3
As(3dYS(2p) 1.3 1.8 2.2
As(3d)Fe(2p) 2.2 1.7 1.6
Oxy- 33.2 66.2 29.7
hydroxideq;s/(sulphate+sulphite)s.;,
As(T)/As(IIT) 0.9 1.4 0.6
Oxidation products (at. %)
O(15) (Oxy-hydroxide) 24.1 227 30.0
S(2p) (Sulphate+sulphite) 0.7 0.3 1.0
S(Z2p) (Elemental sulphur/polysulphides) 2.5 1.8 1.7
As(3d) (Elemental arsenic) 1.4 1.2 0.8
Lattice products (at. %)
S(Z2p) Arsenopyrite 79 7.5 33

Arsenopyrite after crushing and after 2 months agng have lattice ratios which are close to
stoichiometric proportion with Fe(2p)/S(2p), As(3d)/S(2p) and As(3d)/Fe(2p) matio of 0.6, 1.0
and 1.7 respectively. However conditioned arsenopyrite shows much higher lattice ratios for

As(34)/S(2p) and As(3d)/Fe(Zp) with 1.7 and 3.6 respectively, revealing arsenic enrichment
of the arsenopyrite lattice.

The surface ratios Fe(2p)yS(2p) and As(3d)/S(2p) mereases from 0.6 and 1.3 after crushing,
to 1.0 and 1.8 afier agng, and up to 1.3 and 2.2 after conditioning. The increase of those two
ratios suggests an enrichment of won and arsenic within the surface products with time and
aqueous conditioning. However the surface ratio As(3d)Fe(Zp) decreases from 2.2 after

crushmg, to 1.7 with agmg, and 0.6 with conditioning revealing higher enrichment of ron
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within the surface products. Arsenic enrichment after aging and after conditioning at pH =
4.5 was observed mn both arsenopyrite lattice and surface products. The arsenic enrichment
outlined m this work s in accordance with previous studies and may be attributed to arsenic
diffusion from deep arsenopyrite lattice toward its surface, although this diffusion mechanism

1s still uncertam as discussed by Nesbitt et al. (1995).

The ratio of oxy-hydroxide over sulphate and sulphite (Table 5.3) 1 higher for arsenopyrite
after 2 months aging (ratio of 66) than for arsenopyrite after crushing and after conditioning
which have ratios of 33 and 30 respectively. One can notice that although arsenopyrite after
crushing and after condtioning have similar ratio of oxy-hydroxyde over sulphite and
sulphate, conditioned arsenopyrite i far more oxidized than crushed arsenopyrite as
mentioned previously for the total ratio O(/s)/S(2p). The lower ratio of oxy-hydroxide over
sulphate observed with conditioned arsenopyrite compared to aged arsenopyrite may be due
to higher oxidation of S(-I) (sulphur related to arsenopyrite lattice) m aqueous solutions than
m amr as mentioned by Nesbitt et al. (1995). Higher formation of sulphur oxidation products
for the conditioned arsenopyrite resulted in formation of mtermediate sulphur oxidation

phases (sulphites) which are absent from air-oxidized arsenopyrite as observed in Table 5.2.

The surface matios As(I)/As(IIT) presented in Table 5.3 reveal that As(IIT) prevails over As(I)
for arscnopyrite afier crushing and for conditioned arsenopyrite (ratio of 0.9 and 0.6
respectively). The predominance of As(III) over As(I) may outline that conditioning has also
mereased the arsenic oxidation rate (Nesbitt et al, 1995). For arsenopyrite aged for two

months, As(I) prevails over As(IIl) with a ratio of 1.4.

Fe(IT)/Fe(II) ratio was not calculated due to overlappmng Fe(Il) and Fe(III) multiplets peaks
(Mullet et al., 2008).

- Characterization of grinded arsenopyrite through ion sputtering

Narrow scans of Fe(Zpy;), As(3d) and O(/s) resulting from XPS ions sputtering on
arsenopyrite after crushing are presented m Figure 5.1 and deconvolution of narrow scan
S(2p) s reported in Table 5.4. Ion sputtering allows mvestigating the underlying surface

products speciation and organization.
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Table 5.4 Narrow scan S(2p) results of arsenopyrite after grinding with sputtering for 10

minutes
Sputter time
Species * ON  Omin. 2 min. 10 min.
Monosulphide (at. %)  S(-II) 7.3 14.9 15.9
Arsenopyrite (at. %)  S(-I) 39.9 69.2 68.3
Elemental sulphur (at. %)  S(0) 19.2 11.5 15.8
Sulphate (at. %) S(+VI) 13.6 4.3 0

The Fe(2p;;) narrow scans presented in Figure 5.1A reveal a decrease of the Fe(Ill) oxide
contribution (peak at 711 e¢V) along with an mcrease of arsenopyrite contribution (peak at
707 eV) with sputtermg time. A new contribution appears at 2 and 10 mmutes with a peak at
709 ¢V which can be assigned to Fe(IllI)-S, ron bonded to monosulphide, that occurs in
disrupted lattices (Pratt et al., 1998).

The As(3d) narrow scans presented m Figure 5.1B show a decrease of the peak assigned to
As(IIT) oxide (peak 45 ¢V) with sputtermg time and an increase of the peaks at 41.5 and

41 eV corresponding to ckmental arsenic and arsenopyrite respectively.
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Figure 5.1 Evolution of grinded arsenopyrite as function of sputtering time A) XPS spectra of
narrow scan Fe(2py.), B) narrow scan As(3d), C) narrow scan O(Js). Note that for more
clarity O(/ s) spectra appear in reverse order than for As and Fe scans.

The contribution of Fe(III)-S and As(0) at 2 and 10 minutes of sputtering is probably due to
arsenopyrite lattice abrasion through the spnitering process since breakage of the As-S band
produces As(0) and monosulphide ions that can link to Fe* ions (Schaufuss et al, 2000).
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The O(/s) narrow scans presented in Figure 5.1C outline the decrease of oxides peak at 531
eV throughout the sputtering process. This decrease attests the progressive abrasion of oxides

under the ionic beam.

The deconvolution of narrow scans S(Zp) (Tabk 5.4) indicate a rapid decrease of the sulphate
contribution from 14 at.% at nitial state, to 4 at.% and to 0 at% at two and ten minutes
respectively. S(2p) narrow scans alko show an mcrease of monosulphide and arsenopyrite
sighals (lattice contributions) from 7 and 60 at.% at mitial state to 16 and 68 at.% at ten
minutes of sputtering. As mentioned previously, the merease of monosulphide signal attests
breakage of As-S and Fe-S bonds within arsenopyrite lattice due to ionic abrasion. Elemental
sulphur/polysulphides amounts have small variation throughout the sputtering process with
19, 12 and 16 at. % at mitial state, two and ten mmutes respectively. As mentioned before,
clemental sulphur s volatile in ulira-high vacoum at room temperature so that the elemental
sulphur analyzed s probably over layered by oxides (smce no sulphates were left at ten

minutes).

XPS fnal analysis after the sputtermg process at fen minutes indicates that all sulphates have
been removed from the surface (Table 5.4) although there are still some won and arsenic
oxide phases as atested by Figure 5.1 with peaks at 711 eV (ron oxy-hydroxide) and 44 eV
(arsenic oxide). It could therefore be mferred that there is either a preferential removal of
sulphates over oxides or else sulphates are mamly located in the top part of the oxidation

layer.

In summary, XPS analysis on arsenopyrite samples revealed the presence of a variety of
alteration products that have a wide range of oxidation degrees. Arsenopyrite lattice was
identified i all cases indicating that, in this work, oxidation products do not form a thick
uniform layer at the arsenopyrite surface. For all samples, the surfacing arsenopyrite lattice
and alteration layer are enriched in arsenic phases. Elemental arsenic and sulphur are present
in small proportion within oxidation products. The mamn oxidation products are arsenic and
rron oxides and hydroxides. Adsorbed water was present on all surfaces with greater

proportion in the case of the conditioned arsenopyrite.
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The air oxidized arsenopyrite alteration layer has fewer sulphates than the mitial state with a
ratio oxy-hydroxide/sulphate almost twice the mittial value. As(I) oxides are slightly more
abundant than As(III) oxides, and iron alteration products are more present than in the mitial
state as stated by the surface ratio of As(3d)/Fe(2p). Although the air oxidation has led to a
modification of oxidation products speciation, the arsenopyrite lattice signal has remamed of
the same intensity and total ratio O(/5)/S(2p) has remamed equal to 2. This could indicate
that the oxide layer speciation has changed, but it has not expanded across the amsenopyrite

surface.

In the opposite, the conditioned arsenopyrite alteration layer is more sulphates-rich than in
the mitial state as mdicated by the ratio oxy-hydroxide/sulphate m Table 5.2. As(IIT) oxides
are slightly more abundant than As(I) oxides and won alieration products are ako more
present than m the mitial state as stated by the surface ratio of As(3d)Fe(Zp). The
arsenopyrite lattice signal is also weaker than m the initial state indicating that the alteration
layer has spread across the arsenopyrite surface related to an increase of sulphur, arsenic and

ron oxidation rates.

Arsenopyrite sputtering suggested that (1) sulphate may be present mamly as the outmost
oxidation layer, (i) the underlying oxides of arsenic and iron contain elemental sulphur, (ii1)
the oxidation layer i heterogencously distributed at the arsenopyrite surface which ako
presents parts of unoxidized arsenopyrite. While allowing a better comprehension of the
distribution of oxidation products across the arsenopyrite surface, the use of ion sputtering
creates new important contributions (ferric monosulphide and elemental arsenic). These
peaks appear due to the ablation of arsenopyrite lattice along with ablation of the oxidation
layer, so that interpretation of oxidation degrees should be taken with caution due to parallel
phenomenon of reduction that takes place during the ablation process (Chaturvedi et al,
1996; Mandrino, 201 1; Moslemzadeh et al., 2009).

5.4.2.2 DRIFTS analyses: surface products characterization
DRIFTS analyses have been conducted to obtain complementary characterization of the

arsenopyrite oxidized layer. DRIFTS allows deeper characterization of the oxidation layer
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than XPS without the ionic abrasion bias of oxidation degrees. DRIFTS peaks were assigned

according to literature data summarised n Table 5.5.

Table 5.5 Peaks position and assignment of arsenopyrite IR spectra.

Position  Vibration Band Assignment Reference
(ecm™) mode
3150-3550 Lattice water or hydroxo-group ~ De Donato 1999; Caldeira2003,2010
2960-2950 v3 -CH; group: xanthate alkyl chain
2935-2925 v3 -CH, group: xanthate alkyl chain Kongolo e al, 2004; Limaet al.,
) 2005; Hellgmém et al., 2006
2875-2865 vl -CH; group: xanthate alkyl chain SR
2855 vl -CH, group: xanthate alkyl chain
1310 - Iron oxide Cases d al, 1993
1261 v3 C-0O-C group : dixanthogen Cases & al, 1989,1991,1995; De
Donao a al, 1999, Briemmne e al,
1996; Valli et al,, 1994; Wang, 1995
1225 - Arsenous xanthate Valli et al., 1994; Persson, 1994
1191-1195 - Cuprous xanthate Cases e al, 1995; Leppinen, 1990
1136 - C-O-C group : iron or arsenous Cases & al, 1995; L eppinen, 1990;
<anthate Valli et al., 1994; Persson, 1994
1090 v3 Ferric sulphate Cases ¢ al, 1995; Evangelou and
Huang, 1998
1075 - Amylxanthate/ hydrated ferrous ~ Cases et al, 1989, 1990; Memnillod-
sulphate Blondn, 2005
1038 - Ferric sulphate/ Cuprous xanthate = Paule al, 2005; Boily et al, 2010;
Leppinen, 1990
1025 V3 -CS group: dixanthogen/ ron Cases el al, 1989, 1991, 1995;
Fuerstenau e al, 1968; Leppmen,
xanthate 1690
1012 vl Ferrous sulphate Evangelou and Huang, 1994
847 - Arsenic oxide Monte e al, 2002
792 - Iron oxide or oxy-hydroxide Caseset al, 199135;9136 Donao et al,
762 - Iron oxade Caseset al, 1993, De Donao & al,
1999
655 - Iron oxide Caseset al, 1993, De Donao e al,
1999

DRIFTS analyses were performed on arsenopyrite after crushing and after aging (66 days and

266 days) as well as after conditioning at pH = 4.5. The DRIFT spectra of arsenopyrite after

crushing (Figure 5.2; spectrum a) did not show any major peaks but iron oxides could be
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present (small peaks at 655 and 792 ecm™), as well as ferric sulphate (1090 cm™). Aging of
arsenopyrite at 66 and 266 days (Figure 2; spectra b and ¢ respectively) showed an mcrease
of the peak at 3150 cm™ assigned to adsorbed water or to hydroxyl groups. Increase of peaks
related to ferric and ferrous sulphate (1090 and 1012 em™ respectively) with aging was
observed on Figure 5.2B. Arsenic oxide peak at 847 cm™ assigned to the stretching vibration
of As-O bond (Monte et al, 2002) appeared at 266 days (Figure 5.2; spectrum c¢). Iron oxides
peaks also increased slightly with aging for peaks at 1310 and 792 cm™.
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Figure 5.2 DRIFT spectra evolution of 32-63 pm grinded arsenopyrite with time (spectra a: 0
days; b: 66 days; c: 266 days) and after conditioning at pH=4.5 (spectrum d). A) Narrow
spectra from 3500 to 3000 cm™ B) narrow spectra from 1400 to 600 cm™.

The conditioned arsenopyrite spectra (Figure 5.2; spectrum d) was similar to the spectrum a
of crushed arsenopyrite but with even less peaks. This suggest a partial dissoltion of the
oxides present in spectrum a at 655 em™. However the peak at 3150 cm™ assigned to

adsorbed water or to hydroxyl groups increased with conditioning indicating higher hydration

of the residual oxidation products.
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Elemental sulphur was not accounted for, because its corresponding peak at 846 cm™ was
overlapping with oxides peaks combmed with weak mfrared absorption coefficient (De
Donato et al, 1999; De Donato et al., 1993).

In summary, DRIFT spectra of arsenopyrite samples did not show major modifications with
aging contrary to other sulphides like pyrite (Kongolo, 1991, Mermillod-Blondin, 2005)
suggesting that the oxidation layer formed at the arsenopyrite surface stays thin through air-
oxidation and that acidic conditioning partly dissolves the oxidation layer. DRIFT
mvestigations allowed identification of some arsenopyrite oxidation products. XPS data
allow to have a more detailed and thorough characterzation of the phases that the poor
resolution of arsenopyrite DRIFT spectra could not achieve.

5.4.2.3 XPS and DRIFTS coupling for spatial determination of oxidation layer

XPS and DRIFTS have already been used as a mean to determine spatial distribution of
sulphide oxidation layer through the work of De Donato et al., 1991, 1993, 1998. Their
different depths of analysis (50 A for XPS, 25000 A to 83000 A for DRIFTS in the studicd
range) constitute a powerful determination tool (De Donato et al, 1993) since the ion
sputtering technique could not determine oxidation layer thickness due to the powdered

nature of samples.

XPS analysis on arsecnopyritc samples revealed the presence of a variety of alteration
products that have a wide range of oxidation degrees. Arsenopyrite lattice was identified in
all cases indicating that, in this work, oxidation products layer is heterogeneously distributed
at the arsenopyritc surface. XPS and DRIFTS coupling for arsenopyrite surface
characterization suggest that dry crushed arsenopyrite had a oxidized layer thickness of about
50 to 200 A (De Donato et al, 1999; De Donato et al, 1993; Nesbitt et al, 1995). Sputtering
added-in that sulphate may be present over oxides layer and that the latter contained

disseminated elemental sulphur.

Arsenopyrite ar oxidation led to a modification of oxidation products speciation (twice more
oxides than sulphates) but arsenopyrite lattice signal remained of the same mtensity, total
ratio O(75)/S(2p) stayed equal to 2. Furthermore, DRIFTS oxide products signal increased
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These results suggest an increase of the oxide layver thickness but a similar coverage of the

arsenopyrite surface.

XPS data indicated that conditioned arsenopyrite alteration layer had more sulphates than m
the nitial state as indicated by the ratio oxy-hydroxide/sulphate. The arsenopyrite lattice
signal 1 alko weaker, which was confirmed by DRIFTS spectra with lesser oxidation
products signals. These results suggest that the alteration layer has thinned due to partial
dissolution of oxidation products but it has also spread across the arsenopyrite surface with

an mcrease of sulphur, arsenic and ron oxidation rates.

5.4.3 Collector adsorption at the arsenopyrite surface

5.4.3.1 Collector adsorption without activation

Adsorption of isoamylkanthate on arsenopyrite surface was performed with different
concentrations allowing testing a wide-panel of collector surface coverage. Interpretation of
the adsorption phenomena can be made through the modeling of adsorption isotherms also
referred as sorption isotherms (Limousin et al., 2007). A mixed model of the commonly used
Freundlich and Langmuir models was used to fit the data as done elsewhere m Umpleby et al
(2001) and Garcia-Calzén and Diaz-Garcia (2007). The Freundlich-Langmuir (I-F) model
formula s expressed as follow:

NxK™x Ceq™

Trmxcegn WIthK = at/m
eq

(5.4) Qads =
Where Qads i the adsorbed amount of xanthate (mol'm®), Ceq the equilibrum xanthate
concentration (molLL), N is the number of binding sites, K is the median binding activity, m
1s a fitting parameter related to the Freundlich model corresponding to the surface site energy
heterogenetty, a s a fitting parameter related to K and m. This model has been used for
homogencous and heterogencous surfaces at low (sub-saturation) to high (saturation) s orbent
concentration {Garcia-Calzén and Diaz-Garcia, 2007, Umpleby et al, 2001). The solver
function of Microsoft Excel was used to change iteratively the three parameters: N, a, and m,
in order to maximize the determination coefficient R* and minimize the squared sum of the

residualks (the difference between the data and the model).
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The isotherm, presented in Figure 5.3 showed a determination coefficient (R*) of 0.93 (fitting
parameters not presented heremn). The plateau (no more xanthate adsorption with merease of
xanthate amount) was reached at a statistical surface coverage of 35. At high concentration,
dixanthogen 18 the main phases adsorbed (see following sections) indicating that at high
concentration (over 35 equivalent xanthate monolayers) arsenopyrite surface do not allow

further adsorption of xanthate.
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Figure 5.3 Isoamylxanthate adsorption sotherm on arsenopyrite at pH = 4. Langmuir and
Freundlich models were used to fit the data.

DRIFTS was used to characterize the adsorbed xanthate phases and peaks were assigned
according to literature (Table 5.5). DRIFTS spectra of adsorption tests are presented m Figure
5.4 (surface coverage from 0 to 33). Spectra, presented in Figure 5.4A, show three major
peaks at 2960, 2035 and 2855 em™ all assigned to xanthate alkyl chain (Helktraom et al.,
2006; Kongolo et al., 2004; Lima et al., 2005).
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Figure 5.4 DRIFT narrow spectra (A) from 3150 cm™ to 2700 cm™ and (B) from 1350 cm™ to
900 cm-1 of arsenopyrite conditioned at pH=4 with isoamylxanthate; a: Ci=0 molL; 6=0; b:
Ci=10” molL, 8=1; ¢: Ci=2.5.10° molL, 6=2; d: C=5.10" moll., 6=4; e: Ci=10™ molL;
0=8; f: Ci=2.5.10" molL; 6=13; g: Ci=5.10" molL; 6=18; h: Ci=10° molL; 6=33. (Ci:
mitial xanthate concentration; 9: xanthate surface coverage)

These peaks first appear at a surface coverage of 8 and increase progressively with increase
of surface coverage. Spectra, presented i Figure 5.4B, may present overlapping peaks from
oxidation products and xanthate phases. The reference spectrum a without collector (blank
test) shows a weak peak at 1075 em™ assigned to hydrated ferrous sulphate (Cases et al,
1989). This peak could also be assigned to adsorbed isoamylxanthate (Cases and De Donato,
1991) m the followmng spectra, but its presence m the blank test spectrum and in acidic

conditions, incline toward assignment to ferrous sulphate. Furthermore, it increases slightly

with increase of dixanthogen peaks (1261 em™ and 1025 cm™) which may reveal that
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dixanthogen formation at the arsenopyrite surface occurs through ferric ions reduction as
observed on pyrite with won oxides (Cases et al, 1989, Fuerstenau et al, 1968; Lopez

Valdivieso et al., 2006).
(5.5) 2X +2Fe(OH) + 6 H > X, + 2Fe” + 6,0

The peak at 1075 cm™ is absent from spectra h and g which may be duc to high coverage of
the surface (18 and 33 respectively) with dixanthogen masking any other oxidation products
signals.

The major peaks observed in Figure 5.4B are two peaks related to dixanthogen: 1261 cm™,
assigned to asymmetric stretching of dixanthogen C-O-C group, and 1025 cm™, assigned to
asymmetric stretching of dixanthogen C-S group (Cases et al,, 1989; Valli et al., 1994, Wang,
1995). They both appear at a surface coverage of 4 and increase progressively with increase
of surface coverage. The peak at 1025 cm™ can also be assigned to asymmetric stretching of
ferric xanthate ions C-S group (Leppimen, 1990) if there i no peak at 1261 cm’
(dixanthogen), as m spectrum c. In the spectrum ¢ (0 = 2) of Figure 5.4B, the peak at 1025
em’” appears with a peak at 1136 cm™ assigned to either ferric or arsenous xanthate complex
(Cascs etal.,, 1995; Valliet al, 1994). The absence of a peak at 1225 cm” assigned to arsenic
xanthate may incline assignation of 1136 cm™ peak to ferric rather than arsenic xanthate. The
peak at 1136 cm™ i also present in spectrum d (6=2) but absent from spectra ¢ to h. This
suggests that ron or arsenic xanthate i present as a quasi-monolayer (spectra ¢ and d) but

masked i spectra e to h by overlying dixanthogen formation.

DRIFTS characterization of the xanthate phases through different xanthate surface coverage
suggests that at low concentration (8 = 2-4), won or arsenic xanthate may form at the
arsenopyrite surface as a close to monolayer system. Increase of xanthate concentration
causes an merease in dixanthogen formation and adsorption at the arsenopyrite surface. Iis
organization 15 a multilayer system with a maximum thickness of about 33 cquivalent

xanthate monolayers.

DRIFTS data proportional increase with mcrease of surface coverage allows establishing

lincar relationships between UV data (calculated surface coverage) and DRIFTS data as
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already done in previous works (Cases et al, 1990a, b; Kongolo, 1991; Leppmen, 1990;
Mermillod-Blondin, 2005). Accordingly, intensity of peak at 1025 em™ and mtegrated area of
alkyl peaks (integration from 3050 cm™ to 2800 em™) were correlated with xanthate
statistical surface coverage as illustrated by Figure 5.5.
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Figure 5.5 DRIFT spectra relative intens ity of peak at 1025 cm™ as function of calculated
surface coverage of soamylxanthate (from UV analysis).

Alkyl area and 1025 cm™ peak relative intensity account for both dixanthogen and iron or
arsenic xanthate surface coverage. However, alkyl area has a high signal threshold (8 = 8),
while the peak at 1025 cm™ can be detected at lower surface coverage down to quasi
monolayer state as illustrated mn Figure 5.5. Relationship between surface coverage and
relative intensity of 1025 cm™ peak is more reliable than correlation with alkyl area since the
first has a higher determination coefficient of 0.98 against 0.90 for the latter. Both
correlations cannot be applied at very high surface coverage around 30 as also pointed out by

Leppinen (1990).

These calibrations between UV and DRIFTS data allow evaluating the surface coverage

when interfering peaks do not allow determming the residual xanthate amount (see section

5.4.3.2)
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5.4.3.2 Collector adsorption with activation

Copper sulphate was tested as an activator at a concentration of 1.8.10" molL with
isoamylxanthate at 2.5.10™ molL. Observation of a yellow precipitate in the test tube and the
presence m UV spectra (not presented herein) of peaks at 425 nm and 240 nm assigned to
copper xanthate and dixanthogen respectively (Fmkektem, 1977, Joly et al, 2004; Rao,
1971) indicated a reaction of residual copper sulphate in solution with the xanthate added
according to the following equation (Allison and O'Connor, 2011; Leppmen, 1990; Li and
Zhang, 1989).

(5.6) Cu" +2X 2> 2CuXy + X,

Copper xanthate and isoamylxanthate were analysed by IR spectroscopy (transmiss ion mode)
as illustrated n Figure 5.6. Copper xanthate was prepared for IR analyses (transmission
mode) by precipitation from aqueous solitions of copper sulphate with a stoichiometric
amount of potassium isoamylxanthate xanthate. The co-precipitated dixanthogen was
removed by dissolution m ether. The spectrum a of Figure 5.6A (potassium soamylxanthate)
shows the three major peaks at 2960, 2935 and 2855 cm™ assigned to xanthate alkyl chain
that could also be observed m Figure 5.4A. The spectrum b of Figure 5.6A (copper
woamylxanthate) show slight shifts of the symmetric stretch, v3, of —-CH; and —CH, group
(Table 5) and a clear splitting between asymmetric stretch of ~CH, group (2875 em™) and —
CH, group (2855 cm™). The major peaks observed in Figure 5.6B for potassium
isoamylxanthate (spectrum a) are the peaks at 1136 cm™” and 1075 em™ both assigned to
xanthate functional group (Cases and De Donato, 1991; Leppmen, 1990). Copper
isoamylxanthate (spectrum b) of Figure 5.6B shows two major peaks at 1195 cm™ and 1038
em” both assigned to cuprous xanthate (Leppinen, 1990). The absence of a peak at 1261 cm™
indicates that the dixanthogen has been successfully removed by washing copper xanthate
with cther.
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Figure 5.6 Transmission narrow spectra (A) from 3150 cm™ to 2700 em™ and (B) from 1350
em™ to 900 cm™ of (a) solid potassium isoamylxanthate and (b) solid copper
woamylxanthate.

Comparison of tests with and without removing residual copper in solution were performed
to evaluate the impact of residual copper in solution on xanthate adsorbed phases. Figure 5.7
illustrates the mpact of activation on xanthate adsorption. Spectrum a is the reference spectra
without activation (equivalent to spectrum f of Figure 5.4). Spectrum b and ¢ are activated
with copper sulphate without and with solution renewal respectively. Surface coverage could
be calculated for the test with solution renewal, since the peak at 301 nm was the only peak
on the UV spectrum (not presented herem). This confirms that no residual copper was left in
solution. As mentioned before, copper activation test without solution renewal did not allow
calculating residual xanthate amount due to peak mterference with the 301 nm peak. Surface
coverage was therefore evaluated using the calibration between UV and DRIFTS data (Figure
5.5). Relative mtensity of 1025 cm-1 peak and akkyl area led to smilar surface coverage of

12 and 14 respectively. The fwst correlation was chosen since it has a higher determmation
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coefficient. Activation with copper sulphate without solution renewal led to similar surface
coverage than the reference spectrum, however the xanthate phases present at the

arsenopyrite surface were different, as attested by spectrum ¢ of Figure 5.7.

>
. L —
Absorbance units
v
p—g
- 1191
1025

== 1075

2960
2935

0.005
Absorbance units

—
{0
o4
—
!
1
1
[
[
]
1
1
]
[
]
1
1
]
]
[
1
1

3100 2900 2700 1300 1100 S00

Figure 5.7 DRIFT narrow spectra (A) from 3150 cm-1 to 2700 cm™ and (B) from 1350 ecm™
to 900 cm™ of arsenopyrite conditioned at pH=4 with is oamylxanthate at 2.5.10" mol/L; a:
Ceo=0 moVL, 8=13; b: C,=1.8.10"molL, 8=9 solution changed before collector addition; ¢:
Cey=1.8.10" molL, 6=12*, no solution change before collector addition, *surface coverage
caleulated from correlation with relative intens ity of 1025 em™ peak (figure 5.5).

The alkyl related peaks followed the same profile than copper xanthate (Figure 5.6, spectrum
b) and the peak at 1191 cm-1 attest the presence of copper xanthate at the amenopyrite
surface. Dixanthogen is also present (peak at 1261 cm-1) although m less quantity than in the
reference spectra. The peak at 1025 cm™ slightly shifted toward 1038 cm™ frequency
accounts for both dixanthogen and copper xanthate. Spectrum b of Figure 5.7 has the same

profile than the reference spectra with less mtens ity and no copper xanthate can be detected
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(no peak at 1191 em™). These tests suggest that residual copper xanthate react rapidly with
xanthate to precipitate nto copper xanthate both i solution and at the arsenopyrite surface
which may hinder arsenopyrite flotation due to the weak bond nature of copper xanthate
precipitate to arsenopyrite. The presence of both copper alkyl xanthate and dixanthogen was

found m previous work by Persson (1994) on activated sphalerite.

Figure 5.7 shows that when no residual copper s kft (solution renewal), copper activation
appears to reduce dixanthogen formation at the arsenopyrite surface. The lack of efficiency of
copper activation on arsenopyrite may be due to the acidic pH employed, smee works on
pyrite and pyrrhotite revealed that copper sulphate activation efficiency mproves with pH
merease along with mineral copper consumption (Huang <t al., 2006; Leppinen, 1990). It can

also be attributed to msufficient copper conditioning time (von Oertzen et al., 2007).

5.5 Conclusion

This work provides results on the evolution of arsenopyrite oxidation products through
crushing, air oxidation, conditionmg (with or without copper activation), and collector
adsorption. This research work on arsenopyrite surface characterization allowed reaching the

following conc lusion

- Arscnopyrite oxide layer was mamly constituted of arsenic and won oxides.
Sulphates were present as a minor oxide products for all samples and may constitute

overlayers above oxides layers.

- Dry-grinded arsenopyrite had a thin (50-200A) and heterogencous oxide layer
(speciation and distribution). Ar oxidation mereased the arsenopyrite oxide layer
thickness but not its surface coverage. Acidic conditioning mereased the oxide layer

coverage although it was thmned through a partial dissolution of oxidation products.

- Xanthate adsorbs at the arsenopyrite surface as ron or arsenic xanthate for a quasi-
monolayer xanthate coverage. Dixanthogen formation may occur through ron
reduction and adsorbs on arsenopyrite to form a thick layer that can extent to about
33 equivalent xanthate monolayer. Saturation may be reached due to passivation of

arsenopyrite surface at high xanthate concentration.
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- Copper activation without residual copper in solution led to lower dixanthogen
formation and adsorption at the arsenopyrite. These results confirm that copper

activation i not very successful under acidic conditions (Leppinen, 1990).
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6.1 Abstract

For many gold mmne operators, arsenopyrite i often the source of environmental challenges

related to tailings management due to contammated neutral mme dramage (CND). This
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contamination happens when arsenic bearing sulphide minerals within the tailings oxidize
under atmospheric conditions. Antimony as a companion element of arsenic can alko
contaminate mine dramage through oxidation of antimony bearmg sulphides. Contrary to
acid mine dramage, contaminated neutral dramage occurs when neutralizing mimerals
counterbalance the acidity produced by sulphide oxidation. CND Effluents are characterized
by circum-neutral pH and metals release (like arsenic and antimony) at concentration over
regulation limits. Environmental desulphurization intends to prevent mine drainage by
concentrating sulphides using flotation and producing a desulphurized tailings that can be
managed at lower costs. Desulphurization is a promis ing technique for the control of CND as
it has already been applied on tailings to prevent acid mine drainage. This paper presents the
application of desulphurization to prevent As-Sb CND from a gold mine tailings (Lapa mimne,
QQc, Canada) which contains arsenic (2080 g/t) mainly as arsenopyrite and antimony (400 g/t)
under different mmeral phases such as stibnite or berthierite. The desulphurization tests were
performed m a Denver cell on-site and were conducted on the ore prior to cyanidation in
order to avoid sulphide passivation. Flotation produced two successive concentrates (the first
obtained collectorless being mostly composed of tale and the second contamed mamnly
sulphides concentrated by using xanthate collector) and a desulphurized fmal residue.
Arsenic content was lowered from 0.2 % to 0.02 % by flotation at pH=4.5 and potassium
amylxanthate (KAX) at 100 g/t dosage. However, as acidic flotation required high sulfuric
acid addition (17 k/t) due to the neutralization potential of the tailings (carbonates), alkaline
desulphurization could also be chosen in order to lower desulphurization costs. Flotation at
pH=10.5 required addition of copper sulphate (450 g/t) as activator. It produced a
desulphurized tailings with arsenic down to 0.04 %.

6.2 Introduction

Many polymetallic orebodies worldwide contains arsenopyrite and its occurrence within
mine tailings can cause contaminated drainage that can be acidic (acid mme dramage; AMD)
or neutral (contammated neutral drainage; CND). This contamination happens when arsenic
bearng sulphide mimerals within the tailings are oxidized under atmospheric conditions
(Aubertmn et al, 2002; Brown Jr and Calas, 2011; Liang and Thomson, 2010). Contrary to

acid mine dramage, contaminated neutral dramage occurs when neutralizing mmerals
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counterbalance the acidity produced by sulphide oxidation or when the rate of reaction is not
sufficient to generate acidity, but enough to generate contaminant concentrations higher than
regulation criteria (Heikkinen et al, 2009; Plante et al, 2011a). CND Effluents are
characterized by circum-neutral pH and metak or metalloids (like arsenic and antimony)
release. Oxidation of arsenopyrite (cquation 6.1) produces arsenate anions, AsQ,”, that
dissolve in water under oxidizing conditions (Cheng et al, 2009; Haffert and Craw, 2008;
Lengke etal, 2009).

(6.1) 4Fe AsS+130,+6H,0—4Fe* +4H;As 0, +4S0,*

Arsenic and antimony are companion €lements. Arsenic is the object of most studies being a
major environmental threat. Antimony is also considered in this work although its toxicity
and environmental chemical behavior require further researches (Filella et al, 2009).
Environmental desulphurization aims at preventing contamination of mine drainage. The
process concentrates sulphides by flotation and produces non acid-generating desulphurized
tailings that can be stored at low costs. Desulphurization usig flotation has already been
proved successful on several mme tailings (Benzaazoua et al., 2004; Benzaazoua ct al., 2000,
Bruckard and McCallum, 2007, Bussicre <t al., 1995; Kongolo et al, 2004; Leppinen et al.,
1997, Yalein et al., 2004) but, to the author’s knowledge. its application to prevent As CND
has not yet been attempted.

Arsenopyrite flotation has mamnly been studied in the prospect of decreasing arsenic content
from sulphide concentrates sent to smelters (Bruckard et al., 2010; Bruckard et al, 2007,
Draskic et al, 1983) and also to concentrate gold bearing arsenopyrite for gold beneficiation
(Diaz and Gochm, 1995; Duc, 1992, Lopez Valdivieso et al, 2006; Mavros et al, 1993;
Monte et al., 2002). Xanthates are usually used as collector for arsenopyrite from short chain
xanthate such as ethyl or socthylxanthate (Duc, 1992; Siwrkect, 2000) to longer chain xanthate
such as 1sopropyl and amylkanthate (Duc, 1992; Lépez Valdwvieso et al, 2006; Srkeci,
2000). The xanthates used in this study, potassum ethylkanthate (KEX) and potassium
amylxanthate (KAX), have 2 and 5 carbons respectively within thewr alkyl chain. The
mcrease of the xanthate alkyl chain length causes a decrease of selectivity and an increase of

the collecting power (Lotter and Bradshaw, 2010). It ako leads to a decrease of the standard
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oxidation potential (SOP) of the couple xanthate/dixanthogen. KEX and KAX have SOPs of -
0.06 V and -0.158 V respectively, which means that in the same pH/Eh conditions the KAX
will oxidize more into dixanthogen than KEX (Duc, 1992; Km et al, 2000; Lopez
Valdvieso et al, 2006; Lotter and Bradshaw, 2010). Arsenopyrite hydrophobicity mduced by
xanthates 1 assigned to dixanthogen formation and adsorption at the arsenopyrite surfaces
(Kydros and Matis, 1995; Lopez Valdivieso et al, 2006) as well as adsorption of As(III)
alkyl xanthate (Yekeler and Yekekr, 2005). Works from Duc (1992), Swkeci (2000) and
Lopez Valdivieso et al (2006) showed that: (i) arsenopyrite floats well at acidic pHs with
xanthate as collectors and (ii) arsenopyrite surfaces are depressed at pH higher than 8.5,
contrary to pyrite that shows good flotation recovery at alkalne pHs (Mermillod-Blondm,
2005; Persson, 1994; Sirkeci, 2000) (iii) this allows separation of pyrite from arsenopyrite at
alkaline pHs around 10 (Diaz and Gochm, 1995; Duc, 1992; Sirkeci, 2000; Tapley and Yan,
2003).

The difference of flotation behavior of arsenopyrite at acidic and alkalme pHs was previously
mvestigated through chemical surface characterization. For acidic condition, iron dissolution
from arsenopyrite creates a sulphur rich surface that becomes hydrophobic (Vreudge, 1982).
At alkaline pH, cyclic voltammetry studies conducted by Wang et al. (1992) revealed the
formation of iron oxides and realgar (AsS) onto the arsenopyrite surface which explams its
depression by preventing the reaction of xanthate oxidation mto dixanthogen (Beattie and

Poling, 1987, Vreudge, 1982).

Furthermore, other studies (I.iand Zhang, 1989, Léopez Valdivieso et al, 2006, Monte et al.,
2002) showed that copper sulphate can be used as an activator of arsenopyrite for flotation
and s use can lower the amount of collector needed for arsenopyrite flotation. The work of
Wang et al. (1989) outlined by (Lépez Valdivieso et al., 2006) on adsorption isotherms of
copper 1ons on arsenopyrite suggested that copper ions activate arsenopyrite by the formation
of copper arsenosulphide (CuAsS) at acidic pH and copper arsenate (Cus(AsO,);) and
arsenite (Cus(AsO,);) at alkaline pH allowing adsorption of xanthate. Li and Zhang (1989),
through adsorption isotherms and Auger spectroscopy analyses, reported the formation of

CuS onto arsenopyrite surface which allows its flotation. Monte et al. (2002) have worked on
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a gold bearing arsenopyrite and pyrite concentrates and stated that for flotation at pH=6,

oxidized arsenopyrite beneficiated from copper sulphate addition.

Desulphurization usually chooses powerful and low cost collectors such as amylxanthate to
treat tailings that are likely to generate AMD in the case of cyanide free shurries (Benzaazoua
et al, 2000; Mermillod-Blondin, 2003; Yalemn et al., 2004) because xanthates are mhibited by
cvanides (De Wet et al., 1997, Prestidge et al,, 1993). Armac, an amine acetate, may be used
as collector for pulp containing cvanides but this collector induces more entramment than
xanthate (Benzaazoua et al., 2000; Kongolo et al., 2004). On the other hand, mplementation
of a flotation process (implying the use of organic collector) upstream of a cyanidation
process to allow the use of xanthate for desulphurization may lead to some negative impacts
such as “carbon fooling”. This is the adsorption of organic compounds on carbons used for
gold adsorption. Carbon fooling s not easily avoided by acidic washmng especially for
xanthate and frother (Salarirad and Behnamfard, 2010). It lowers the gold adsorption kmnetic
but not the loading capacity (Salarrad and Behnamfard, 2010). Carbon foolng was
negligible when the mmimum of collector and frother required to achieve optimum recovery

was added (Salarirad and Behnamfard, 2010).

This work ams at testing the use of environmental desulphurzation by flotation to prevent
As-Sb CND generation. To the authors’ knowledge, this has not yet been attempted. The
effect of pH, collector type, dosage, and activator addition were investigated in order to
maximize arsenopyrite recovery from the Lapa mme ore, located m the Abitibi region,
Quebec, Canada. The Lapa processing plant (Agnico-Eagle Mines L.td.) produces gold using
a standard circutt which consists of grinding, gravimetric separation and cyanide lkaching
processes. The Lapa tailings are deposited within the LLaRonde tailings pond where cyanide
destruction occurs through natural UV exposition followed by a Degussa process (H,0,,
Soluble silicate). A biological water treatment process oxidizes the remaining thiocyanate

phases (Lavoie et Bérubé, 2008).
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6.3 Material and methods

6.3.1 Material sampling

Desulphurization flotation tests were carried at the Lapa concentrator (Agnico-FEagle Mnes
L.td) in order to work on fresh slurries, over a total period of 21 days, taking nto account
potential ore variability. Pulp samplng at Lapa concentrator was performed before the
cyanide leaching process (Figure 6.1) twice a day to preserve the pulp physico-chemical
properties. The feed solid percentage was approximately 25-30% and the solid chemical and

mineralogical compositions were monitored over the testing period.

Lapa mine :> Grinding [ ::> Gravity

concentration

° /

Grinding II
Tailings <; Cyanidation %

Sam
deposition P

Figure 6.1 Lapa concentrator simplified process showing sampling point before cyanide
leaching

6.3.2 Characterization nethods

The chemical composition of the Lapa tailings sample was evaluated through a complete
digestion in HCVHNOL/HF/HCIOQ,; the solution was then analyzed using an inductively
coupled plasma and atomic emission spectroscopy (ICP-AES, Perkin Elmer). Gold, arsenic
and antimony analysis were performed through instrumental neutron activation analysis
(INAA) as suggested by Hoffiman (1991) for small samples. Specific gravity (G,) was
determined with a helum pycnometer (Micromeretics, Accupyc 1330). Particle size
distribution was determmed using a Malvern Mastersizer laser particle size analyser. The
specific surface arca (SSA) was amalysed by a Micromeritics surface area analyser using the
B.E.T. method (Brunauer ¢t al., 1938). Mincralogical characterization was carried out using a
Bruker A.X.S. D8 advance x-ray diffraction (XRD) mstrument equipped with a copper

anticathode (Cu Ka radiation). Samples were scanned with steps of 0.005°, from 26 = 5 to
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60", with a counting time of 1 second per step. The diffractograms were interpreted using
EVA software for identification and TOPAS software for mneral quantification based on the
Rietveld method (Rietveld, 1993). Mineralogical mvestigation of the solid samples (polished
sections) was ako completed through micro-scale optical microscopy (OM) using a
metallographic microscope; reflection mode (Nikon Optiphot2-Pol). Further information was
obtained through Scanning electron microscope (SEM) observations on a Hitachi S-3500N
VP-SEM coupled to an X-ray energy dispersive spectrometer (EDS) (Oxford Instruments).
EDS spectra were acquired by INCA software. Observations were performed on polished
sections coated with carbon. Acceleration voltage was set at 20 kV and mages were recorded

i backscattered electrons.

6.3.3 Flotation re agenis

Flotation requires different types of reagents to produce the proper surface tension for
mineral separation. pH regulators reagents were 10 vol.% solution of sulphuric acid (H,SO,)
and hydrated lime (Ca(OH),). The frother used was MIBC (methyl isobutyl carbinol) from
Univar Canada Itd. Copper sulphate was tested as an activating agent and added as a 10 wt
% solution. Xanthates were tested as sulphide collectors. The general formula of potassium
xanthate is ROCS,;K with R being an alkyl cham. Two xanthates with different alkyl chain
length were tested: the potassium ethylxanthante (referred as KEX) and the potassium
woamylxanthate (referred as KAX) from Univar Canada Ltd. Their alkyl cham formula are
respectively R=C;H; and R=C;H,,. Therr purity was evaluated at 60 % and 65 %o respectively
by UV spectroscopy (Duc, 1992; Kongolo, 1991; Mermillod-Blondmn, 2005; Rao, 1971).

Xanthates were used as 10 wt %. solution.

6.3.4 Conditioning and flotation procedure

The desulphurization process was optimized through testing of different parameters (pH,
collector type, dosage, activation). A laboratory Denver D-12 cell equipped with a 5-litres
flotation cell was used during the test campaign. A total of 31 flotation tests were performed
Each test consisted of two distinct flotation stages as illustrated in Figure 6.2. The first
flotation stage without collector allowed the concentration of the naturally hydrophobic
minerals such as phyllosilicates. It consisted of three successive 5 minutes flotation steps

with an anflow rate of 3.5 L/min separated by conditioning with 50 g/t frother (2 mmutes).
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The three concentrates were mixed into a single concentrate referred herem as the fale
concentrate. This first collectorless flotation stage was identical for all flotation tests and
aims at concentrating naturally floatable mineral to avoid dilution of the sulphide concentrate.
The second flotation stage produced the concentrate referred herein as the sulphide
concentrate. Conditioning time was set to 10 mmutes for pH control. For tests where copper
sulphate was added as an activating agent (450 g/t), the conditionmg time was mecreased by
an additional 10 mmutes. Xanthatce was added (different type of collector at various
concentrations) and conditioned for 5 minutes and the frother addition took 1 minute. Awflow
was fixed at 3.5 L/min and the froth was manually skimmed with a spatula by the same
operator for all flotation tests for 12 mmutes. pH and Eh were measured throughout the
flotation test but pH was only adjusted during the pH conditioning step.

Flotation parameters: pH/ Collector
type and dosage/ activation

Feed [>
[> Desulghunzed
tailings

.

Talc concentrate Sulphide concentrate
(kinetic : 1, 2, 12 min.)

Figure 6.2 Description of the process of the Lapa ore desulphurization through two
successive flotation stages

0.4 Results

6.4.1 On-site testing: feed variability

As indicated m section 6.2.3, the flotation tests were performed over a total time period of 21
days (10 days of effective flotation testing) where fresh feed shurries was daily sampled. XRD
analyses of the sampled feed revealed noteworthy mmeral variation during the corresponding
period (Figure 6.3). Figure 6.3 illustrates such variation with time and allows determmation
of three feed categories as function of the phyllosilicate mmerals grade (tale, muscovite,
biotite, chlorite). Figure 6.4A presents the mean mineral composition of each feed category
with corresponding error bars. Carbonate proportions are correlated with phyllosilicate

~

proportions (variation from 47 % and 17 % respectively to 33 % and 8 % respectively) but
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both are anticorrelated to plagioclase and quartz contents (variation from 15 % and 18 %
respectively to 28 % and 29 % respectively). The sulphide proportion remained constant

throughout the tested period (approxmately 1 %). Figure 6.4B gives evidence that the

phyllosilicate variation is mamly due to tale and biotite amounts variation.

100
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10 4 i : —g— Phyllosilicate+Carbonate
i !
0] \'

o] 3 5 8 10 12 15 18 20
Time elapsed from test start (Days)

Figure 6.3 Mmeralogical variation of the feed (sampled from day 0 to 21) after XRD
analysis; Categories were named afier the phyllosilicate grade (HTF: high tale feed; ITF:
mtermediate tale feed and LTF: low talc feed).
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Figure 6.4 Mean mineral composition of the feed showing mineral variation of each category
(HTF, ITF, LTF) after XRD amalysis (A: total mineralogy; B: phyllosilicate compos ition).
Error bars represent 95 % of the confidence mterval of each mmeral class for the feed
samples analysed.

6.4.2 Flotation tests: environmental purposes

Section 6.4.2 presents results from the flotation tests in terms of sulphur, arsenic and
antimony recoveries in the prospect of decreasing the polluting potential of Lapa mme ore
(As-Sb presence). Section 6.4.3 describes the results of the same flotation tests i terms of

gold recovery n order to evaluate the impact of environmental desulphurization on the

existing metallurgical process.

6.4.2.1 Talc flotation
The tale concentrate is produced by the first flotation stage (Figure 6.2) with fixed flotation
parameters as described m section 6.2.3 and was therefore expected to be similar for all

flotation tests. However, important variation of weight percentage from 13 wt % to 40 wt %
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and of arsenic recovery from 5 wit %% to 18 wt %% was observed (Figure 6.5). Arsenic recovery
within the talc concentrate was correlated with the weight percentage as illustrated in Figure

.5

20 - &0

18 -

16 - 0 <
= i
L Lo &
E 12 4 b
E 10 A 30 g
w g ?-1
< o) =70 1

49 10 E
2 o AS recovery
0 *F eedpdlosiicate grade a

0 10 20 30 40 50
% wit Tale concentrate

Figure 6.5 Arsenic recovery and feed phyllosilicate amount as function of tale concentrate
weight percentage showing linear regressions.,

This positive correlation (slape of 0.4, determination coefficient, B® of 0.82) suggests that
arsenopyrite recovery was mamnly due to mechamcal entrainment with naturally hydrophobic
minerals smce there was no ewidence of composite particles (figure 6 100, Moreower, the
posttive correlation emsting between the talc concentrate weight percentage and the feed
phyllostlicate grade deterrmined by XRED analyses (Figure 6.5) reveals the positive inpact of

the feed phyllosilicate amount on the arsenic entratnrnent weithin the talc concentrate.

0422 Sulphide flotation

The sulphide concentrate arsenic recovery (and of other elements) would be hiased by the
wariahility of the talc weight percentage (13 wt % to 40 wt %%) and of 1ts arsetuc recovery (5
to 18 wt %) so that an mtermediate feed iz used for the concentrate recovenes calculation.
Thiz mtermediate feed 15 the talings of the talc flotation step. Due to the mitial low arsenic
grade of the ore (45 =021 % £ 0.05 %) and the low arsenic grade of the talc concentrate {4s
= [.08 % £ 0.04 %) the wvanahility induced by the tale flotation does not have an imp ortant
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impact on the intermediate feed arsenic grade and variability (As = 0.24 % + 0.07 %). It
therefore assumed by the authors that the variability of the sulphide entramment (arsenopyrite
and pyrrhotite) in the talc concentrate do not bias the sulphide flotation step i terms of

collector consumption and sulphide quantity.

- Impact of pH and collector type

The sulphide flotation s produced during the second flotation stage as described i section
6.2.3. Three pHs, two collector types and two dosages were tested at first without any
activator addition. The natural pH of the sampled pulp was about 9. Recovery and residual
percentages of sulphur, arsenic, and antimony are presented m Figure 6.6. Increase of pH
caused a decrease of the recovery for the three elements mentioned whatever the collector
dosage and type. The drop of recovery due to pH mcerease was more pronounced for KAX
dosage of 50 g/t than for the 100 g/t dosage (Figure 6.6A1, B1. C1). The arsenic recovery
(R,;) drops from 40 wt % and 92 wt % at pH=4.5 to 7 wt % and 79 wt % at matural pH for
KAX dosage of 50 and 100 g/t respectively. One can notice that given the poor results
obtained at pH=10.5 for a dosage of 100 g/t (R, = 42 wt %), the lower KAX dosage of 50 g/t

was not tested herein.

KEX (shorter alkyl cham xanthate) was compared to KAX performance at a dosage of 100
g/t (Figure 6.6A2, B2. C2). Under acid conditions (pH=4.5), KEX gave higher sulphur
recovery than KAX with 90 wt % compared to 71 wt %. The two collectors kd to similar
arsenic recovery (R, = 91 wt %). However, KEX led to slightly lower recoveries of
antmony (51 wt %) compared to KAX (54 wt %. This indicates a better recovery of
pyrrhotite, similar recovery of arsenopyrite and lower recovery of other sulphides
(gudmundite, berthierite) as developed in section 6.3.3. KAX colkcts therefore a larger
spectrum of sulphides than KEX. The latter led to a very low recovery of arsenic and sulphur
at alkaline conditions (Ra. = 8 wt % at pH= 9 and R4, = 1 wt % at pH= 10.5) compared to
KAX, even at high KEX dosage of 100 g/t.
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Figure 6.6 Flotation tests without activation. Element recovery as function of pH, KAX
dosage (1) and collector type (2); (A: sulphur recovery; B: arsenic recovery; C: antimony
recovery). Kax was not tested at pH=10.5 for dosage of 50 g/t.

The best results for arsenic recovery were obtamned at acidic condttions (pH=4.5) with KAX

at 100 g't, however it required a high amount of sulfuric acid (17 kg/t). Arsenic reached a

recovery of 92 wt % (0.02 % resudual arsenic against 0.03 % for KEX m the same

conditions). In every test, antimony was weakly recovered (max. 54 wt o) but still allowed a

low Sb residual grade of 0.01 % m the desulphurized tailings.
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- Impact ofsulphide activation

Addition of copper sulphate as an activator was tested with KAX at three dosages (50, 70,
100 g/t) and with KEX at a dosage of 100 g/t at three different pHs (pH = 4.5, 9, 10.5).
Corresponding recovery and residual amount of sulphur, arsenic, and antimony are presented
m Figure 6.7. The lower recovery (30 wt %o for sulphur, arsenic and antimony) was observed
for a pH of 9 (natural pulp pH). Lower recoveries were observed for KAX at 100 g/t dosage
(Ras = 92 wt %) compared to 70 g/t (R, = 94 wt %) at acidic pH. This may mdicate over-
dosage of collector at 100 g/t (Figure 6.7A1, B1, C1). At alkaline pH (pH=10.5) and high
xanthate dosage (70 and 100 g/t), addition of copper sulphate significantly increased the
sulphur and arsenic recoveries up to 62 wt % and 82 wt % respectively compared to test
without activation (44 wt % and 42 wt % respectively) (Figure 6.7A and B). It also mproved
antimony recovery up 53 wt % compared to test without activation with 24 wt % recovery
(Figure 6.6C and 6.7C). With addition of copper sulphate, KEX and KAX efficiency were
similar except at natural pH (pH=9) where KAX gave lower results of approximately 30 wt
% recovery (Figure 6.7A2, B2, C2). The best results were obtamed at acid pH of 4.5 with
KAX at 70 g/t. Arsenic reached a recovery of 94 wt % (0.02 % residual arsenic). Antimony
remamed poorly recovered at 60 wt % but still allowed a low residual grade of 0.01 %5 in the

fnaltailings.
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Figure 6.7 Flotation tests with copper sulphate activation. Element recovery as function of
pH, KAX dosage (1) and collector type (2); (A: sulphur recovery; B: arsenic recovery and C:

antimony recovery)

6.4.2.3 Kinetic flotation modeling

Flotation modeling has long been studied m the prospect of understanding and controlling
this multi-phase and complkx system (Ek, 1992; Polat and Chander, 2000). Micro-scale

quantitative determmation of all factors mfluencing the production rate of the concentrate

(collector adhesion, collision and adhesion or transfer to froth probabilities) are still uncertain
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and therefore modeling of flotation i often carried at macro-scale level (Ek, 1992; Polat and
Chander, 2000; Shean and Cilliers, 2011). Kinetic models are macro-scale phenomenological
models that outlne the similarity of the flotation process to a chemical reaction process

between bubbles and particles (Ek, 1992; Polat and Chander, 2000).

Many studies have used flotation kinetic as a mean to evaluate the impact of different
parameters (Bayat et al., 2004; Chaves and Rurz, 2009; Hernainz Bermudez De Castro and
Calero De Hoces, 1996; Hernainz <t al, 2005; Yalcin and Kelebek, 2011). It is ako a simple
technique to evaluate the optimum flotation time without having to perform successive
flotation tests at cach time step (Ek, 1992). Morcover, modeling flotation tests and
establishing relationships between kinetic parameters and flotation data allow to predict and
to smulate those parameters for further batch flotation tests and may be used as control

strategies m industrial applications (Benzaazoua et al, 2000; Polat and Chander, 2000).

Arsenic recovery as function of flotation time for KAX dosage of 100 g/t at three different
pHs is presented in Figures 6.8A1 and 6.8A2 (with and without copper activation
respectively). The data were fitted with different kinetic models of first and second order (not
presented herein) and they all fitted well the data with determiation coefficient, R® over
0.97. The Klimpel model was chosen in this study as it fitted the data with a determmation
coefficient, R* over 0.99 and that the first order model reaction between particles and bubbles
1s known to fit well flotation reactions (Benzaazoua et al, 2000; Kelebek and Nanthakumar,
2007, Klimpel, 1988; Polat and Chander, 2000). Klimpel equation is presented by the
following equation with R as the element recovery, R, as the maximum recovery (%), k as

the flotation rate constant (min™) and ¢ as the flotation time (min.):
(6.2) R() = Rm{l —=(1- e‘“)}
Lkt

The Klimpel model involves a few assumptions: (i) the rate of the particle—bubble collision
process 18 fwst-order, (i) the material i monodispersed (particles and bubbles) and (iii)
particle floatabilities have a rectangular distribution (Benzaazoua et al, 2000; Ek, 1992;
Klimpel, 1988). Modeling flotation kinetics allows comparing the flotation kinetic constant k
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(Klimpel model parameter) as function of flotation parameters (pH, collector dosage and type
and copper activation) as illustrated by Figure 6.8B1 and B2.
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Figure 6.8 A) Kinetic of arsenic recovery as function of pH fitted with Klimpelmodel (Al:
unactivated flotation; A2: copper sulphate activated flotation) and B) evolution of the
flotation kmnetic constant k (Klimpel model) as function of pH, collector dosage and type.
(Kax without Cu activation was not tested at 70 g/t for all pHs and at 50 g/t for pH= 10.5)
The flotation kinetic depends on all those parameters. The dosage of 70 g/t of KAX at pH =
4.5 activated with copper reaches the highest k for this collector with k= 3.0 min™. However
KAX was not tested n the same conditions without activation. KEX reaches the highest
kinetic constant with k = 3.6 min™ at pH=4.5. Copper activation seems to lower the kinetic
constant for both collectors at dosages of 50 and 100 g/t at acidic conditions but slightly

mcreases k at more alkaline conditions. Fitting parameters of Klimpel models, k (flotation
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kinetic constant) and R, (final recovery) as a function of final recovery of sulphur, arsenic

and antimony at different pHs are presented in Figure 6.9.
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Figure 6.9 Klimpel model parameters k (Al; B1; C1) and Reo (A2; B2; C2) as function of
sulphur (A), arsenic (B) and antimony recovery (C)

The graph corresponding to sulphur and arsenic recovery agamst the flotation constant, k,

were fitted for arsenic and sulphur data usmg Klimpel equation (Figure 6.9A1 and B1) as

alrcady done by Benzaazoua et al (2000). However no correlation could be observed for
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antimony (Figure 6.9C1). Correlation between recovery and k (flotation constant) indicated
that for arsenic and sulphur, acid pH provide both high recovery and fast flotation (k between
2 and 4 min™) as ako illustrated in Figure 6.8. Flotation at alkaline pH is slower and k does
not exceed 0.5 and 1 min™ for sulphur and arsenic respectively, but equivalent arsenic and
sulphur recovery can be achieved (Figure 6.9A and B). The flotation constants around 1-4
min" were of the same order than the sulphide flotation constant found in other works
(Benzaazoua et al., 2000, Kelebek and Nanthakumar, 2007, Yalem and Kelebek, 2011). For
antimony, alkalne pH led to both lower kinetic and lower recovery (Figure 6.9C). For this

element, collector type and activator addition did not have an impact on the flotation kinetic.

Figures 6.9A2, B2 and C2 show sulphur, arsenic and antimony recovery as a function of
maximum recovery, R,. The lincar relationship between those two parameters with a
coefficient of 0.9 for the three elements mdicates that the flotation time (12 mmute) nearly
reached the maximum recovery determmed by the kinetic model. This mplies that optimum

separation time was reached.

The relationship established for arsenic and sulphur between recovery data and Klimpel
model parameters k and R, enable to predict those parameters from test flotation recovery

(Benzaazoua et al., 2000).

6.4.3 Physical, chemical and mineralogical characterization of flotation products

Process mineralogy aims at mtegrating mineralogy and metallurgical approaches for
mproved performance of mme plants (Coetzee et al, 2011; Lotter, 2011; Zhou, 2008). This
approach s adopted on the flotation test with KAX at 100 g/t and pH = 4.5 chosen as the
optimal test (arsenic recovery of 92 wt %; 0.02 % of residual arsenic). Flotation products
(feed, fmal tailings and concentrates) issuing from this test experment were characterized
using multiples and complementary techniques (mineralogical, chemical and physical

characterization) to better understand the flotation results.

The physical characterization of the flotation products i presented m Table 6.1. Allmaterial
have similar particle size distribution (PSD) except for the sulphide concentrate which shifts
slightly toward fmer PSD and hence has the highest specific surface area. The tale

concentrate have a similar PSD than the feed and the desulphurized tailings although it has a
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higher specific surface area which reflects its higher phyllosilicate content due to the higher

specific surface are of theses minerals (Table 6.2).

Tabk 6.1 Particke size analysis and physical properties of the flotation products

Feed Tale Sulphide Desul.p.hurized

concentrate concentrate tailmgs
Physical characteristics
D10 (um) 2.65 3.09 1.68 3.09
D350 (pm) 15.40 15.40 9.00 16.57
Cu=D60/D10 7.88 6.77 7.28 7.28
SSA (m*/g) 2.4 3.5 43 24
Sq (glem®) 2.8 2.9 3.1 2.8

Table 6.2 presents the chemical and mineralogical characteristics related to the flotation
products. The mamn constituents are quartz, plagioclase, dolomite and phyllosilicate. The
phyllosilicates are mainly constituted of tale, chlorite, biotite and muscovite. Talc proportions

within tale concentrate and sulphide concentrate are 34 % and 8 % respectively.

Although the sulphide content was small XRD analysis carried on the feed and the
desulphurized tailings detected some pyrrhotite. No sulphides were detected in the tale
concentrate by XRDD analysis but sulphides such as arsenopyrite, berthierite (Figure 6.10),
chalcopyrite and pyrrhotite were present as traces in all these samples as revealed by SEM-
EDS micro-analysis. Mineral characterization gave evidence that arsenopyrite was mainly
present as liberated particles of about 5 to 10 um within the tale concentrate which
favorable for mechanical entramment (Figure 6.10C and D), contrary to the desulphurized
tailings which contains mamly locked sulphide (within gangue mineral like silicates; as
illustrated by the Figure 6.10A and B). The presence of fine sulphide particles of about 10
um (pyrrhotite, arsenopyrite, berthierite) within the tale concentrate that mereases with tale
weight and feed phyllosilicate amount (Figure 6.5) confrm the mechanical entramment
phenomenon suggested n section 6.3.2.1 (Jameson, 2010; Trahar, 1981). The mixed/locked
sulphides within the desulphurized tailings could not be recovered by flotation due to
msufficient liberation of those grams (Figure 6.10A and B). They would contribute to the

contamination of mine drainage if they present exposed surfaces.
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Table 6.2 Chemical analys s and mineralogical quantification of flotation products

Feed Tale Sulphide Desulphurized
concentrate concentrate tailings

Weight (%) 100 14.5 6.6 78.9
Major Hements
As (wt %) 0.21 0.09 2.53 0.02
Fe (wt %) 5.25 5.53 13.42 4.54
S (wt %) 0.37 0.19 5.02 0.17
Mg (wt %) 4.58 10.9 3.93 3.48
Ca (wt %) 2.90 1.45 225 2.99
K (wt%) 1.72 0.87 1.6l 1.88
Na (wt %) 1.51 0.75 1.35 1.56
Cu (g/t) 58 80 601 6
Sb (g/t) 240 220 2000 110
Au (g/t) 4.4 5.6 46.0 0.7
Mineral quantification (XRD / Rietveld)
Quartz (%) 26 9 16 32
Phyllosilicate (%) 34 70 35 25
Plagioclase (%) 27 16 26 32
Dolomite (%) 10 5 6 9
Actmolite (%) 2 / 2 1
Arsenopynte (%) / / 6 /
Pymhotite (%) 1 / 8 1
Chalcopyrite / / 1 /
Mineral calculation (from chemical analysis *)
Arsenopynte (%) 0.46 0.20 5.5 0.04
Pymhotite (%) 0.63 0.33 8.7 0.37
Chalcopyrite (%) 0.02 0.02 0.2 0.00
Betthierite (%) 0.04 0.04 0.4 0.02

*As assigned to arsenopyrite, Cu assigned to chalcopyrite, Sb assigned to berthierite, remaining

sulphur amount assigned to pymhotite.

The sulphide concentrate contams 15 % of sulphides, mainly pyrrhotite and arsenopyrite and
a few chalcopyrite, as revealed by XRD and SEM-EDS micro-analysis (Figure 6.11). Other
sulphides such as berthierite, FeSb, S, (Figure 6.11), Gersdorffite, NiAsS, Stibnite, Sb,S,, and
Ullmannite, SbNiS were also detected by SEM-EDS micro-analysis as was also outlined in

another mmeralogical characterization on the Lapa ore (Mermillod-Blondin et al., 2011).
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Figure 6.10 SEM back-scattered images llustrating the locked arsenopyrite (A) and the partly
locked pyrrhotite (B) within the desulphurized tailings, and the liberated fine gudmundite (C)
and arsenopyrite (D) within the talc concentrate.
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Figure 6.11 SEM back-scattered images illustrating the different sulphides in the sulphide
concentrate

6.4.4 Environmental desulphurization: an integrated approach

Since emvironmental desulphurization is placed before cyanide leaching to avoid sulphide
surface passivation, it is important to evaluate the distribution of gold between the three
flotation products (talc and sulphide concentrates and tailings). Gold analysis was therefore
carried for almost all flotation samples. Gold kinetics flotation was not evaluated for lack of
material needed for its analysis. The talc concemirate shows important. variation of gold
recovery from 5wt % to 20 wt % depending on the feed composition but no correlation could
be established between gold recovery and the arsenopyrite entrainment phenomenon (section
6.3.2.1). Figure 6.12 shows the impact of flotation parameter (conditioning pH, collector type
and dosage) on gold recovery. Without copper activation, gold recovery decreases with the
mncrease of conditioning pH from 84 wi % and 68 wt % at pH of 4.5 to 65 wt %6 and 16 wt %o
at pH of 10.5 for KAX and KEX dosages respectively at 100 g/t (Figure 6.12A1 and A2). For
flotation tests with copper sulphate activation, gold recovery is increased in alkaline
conditions te aching 86 wt %6 with 100 g/t K AX compared to 68 wt %o without activation,

Mine operation would largely benefit from integrating environmental considerations during
the flowsheet design Figure 6.13 illustrates this approach consisting in the integration of
environmertal desulphurization within the metallurgical flowsheet. It suggests a modified
flowsheet including an upstreaimn environmental desulphurization step.



168

Al AZ)
100 4 WRecovery-Kax-50g/t 100 4 BRecoveryKex-100gi
90 4 BRecovery-Kax-100 g/ 30 4 R ecovery-Kex-100 g

Au recovery (%)
Au recovery (%)

10.5 45 9 10.5

ED) pH B2) pH
s BRecovery-Kax-o0 gi-Cu 100 = WMRecovery-Kex-100 gA-Cu
BRecovery-Kax-70g/4-Cu MR ecovery-Kax 100 gi-Cu
90 WRecovery-Kax-100 g4 Cu a0 1

. 80
£ 70 1
2
% 60
o 50 4
e
5‘: 40

=
o o o
L L L

o
'

Figure 6.12 Gold recovery as function of pH, KAX dosage (1) and collector type (2); (A:
flotation without copper sulphate activation; B: flotation tests with copper activation)

The optimal test (KAX dosage at 100 g/t; pH = 4.5) © chosen from environmental
considerations and the recoveries are presented taking into account the tak concentrate to
evaluate arsenic and gold distribution (Figure ©.13) between the three flotation products (talc
and sulphide concentrates and desulphurized tailings). Although gold is mamly n the
sulphide concentrate, it i also present in the tale concentrate and the desulphurized tailngs in
significant amounts. Therefore if environmental desulphurization step was applied upstream
of cvanide leachmng step, two different crcuits for gold recovery should be investigated.
Higher amount of sulphides such as pyrrhotite, arsenopyrite and antimony bearing sulphide
may mterfere with gold leaching during the sulphide concentrate cyanidation. The use of high
lime and PbNO, additives may increases gold leaching even with high sulphide concentration
(Deschénes et al., 2005; Deschénes et al, 2009).
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Figure 6.13 Smplified flowsheet of Lapa process plant illustratng the ntegration of
environmental desulphurization to the metallurgical process before cyanide leaching
(recovery and grades correspond to optimal test at pH =4.5; Kax at 100 g/t). Recoveries
calculation mcludes the tale concentrate in the mass balance.

The presence of residual flotation reagents (collector and flother) would ako be a concern for

gold leaching passivation but addition of optimal reagent dosage (lowest dosage to achieve
high recovery) may limit this phenomenon (Salarirad and Behnamfard, 2010). The sulphide

concentrate once gold i extracted can be stored as an acid generatmg material mxed with
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paste backfill or under an oxygen barrier like a CCBE (cover with capillary barrier effect).
The tale concentrate and the desulphurized tailings can be stored in no CND-controlled
disposal system (Figure 6.13). Assessment of the performance of environmental
desulphurization on arsenic and antimony release from Lapa mme ore i evalated m a

companion paper (Derycke et al., 2012b).

6.5 Conclusions and recommendations

Environmental desulphurization was applied on Lapa mine ore (upstream desulphurization)
rather than on its tailings (downstream desulphurization) to prevent surface passivation due to
cyanide leaching. This work provides results on the desulphurization of Lapa mine ore before

cyanide leaching and led to the following conclusions and recommendations :

- Envronmental desulphurization of Lapa mme orc was successful The greatest
performance of Lapa desulphurization test reached 0.02 % of residual arsenic m the
desulphurized tailmgs for a flotation done at pH=4.5 with KAX at 100 g/t and an
mitial arsenic amount of 0.2 wt % (arsenic recovery of 92 wt %). Recovery of
antimony was lower (54 wt %) but it alo reached low residual concentration of 0.01
wt % in the desulphurized tailings for an mitial antimony amount of 0.04 wt %

- Equivalent results are obtained with flotation at pH=10.5 reaching 0.04 wt % of
residual arsenic mn the desulphurized tailings (arsenic recovery of 94 wt %) with
copper sulphate addition (450 g/t) and KAX at 70 g/t.

- Addition of high amount of sulphuric acid (17 kg/t) neceded for flotation at pH=4.5
may bring froth flotation at alkalme pH as an mteresting option.

-  Remammg sulphides (arsenopyrite and pyrrhotite) within desulphurized tailings were
mainly locked in gangue grains so that further grinding would be requied to

concentrate those sulphides, if performance merease is needed.

The authors suggest evaluating the kinetic of arsenic entramment during the tale flotation so
that it may be possible to separate the tale concentrate into more or less arsenic rich fraction.
Processing the tale concentrate through physical separation to remove fine particles of

arsenopyrite could also be considered.



17

6.6 Acknowledgement

This work was fnanced thanks to the NSERC Polytechnique-UQAT Char m Environment
and Mine Wastes Management and the Canada Research Chair in Integrated Management of
Mme tailings. The authors are grateful to Agnico-EagleMines Ltdf. for making this research
possible and would like to thank the URSTM staff for ther technical and analytical support.



172



CHAPITRE 7

ASSESMENT OF THE PERFORMANCE OF ENVIRONMENTAL

DESULPHURIZATION ON ARSENIC RELEASE FROM TAILINGS

Auteurs

Virgmic Derycke', Mukendi Kongolo®, Mostafa Benzaazoua', Martine Mallet’, Odik
Barrés®, Philippe de Donato®, Bruno Bussiére', Raphaél Mermillod-Blondn’

" Université du Québec en Abitibi Témiscamingue, 445 Boul de I'Université, Rouyn-
Noranda, Qc, Canada J9X 5E4.

* Université de Lorraine - CNRS Laboratoire Environnement et Minéralurgie, 15 Avenue du

Charmois — BP. 40. F-54501 Vandocuvre-les-Nancy cedex France

° Laboratoire de Chimie Physique et Microbiologie pour I'Environnement, 405, rue de

Vandoeuvre F-54600 Villers-ks-Nancy

! Agnico-Eagle MinesLtd., 10 200, Route de Preissac, Rouyn-Noranda (Qc), Canada, JOY
1CO.

7.1 Abstract

Contammated (acid or neutral) mine drainage management i one of the most mportant
envronmental challenges related to tailings management for most polymetallic mme
operators around the world. The contammation happens when sulphide mineralks within
tailngs oxidize under atmospheric conditions. Contrary to acid mmne drainage, contammated
neutral dramage (CND) occurs when neutralzing minerals counterbalance the acidity
produced by sulphide oxidation. CND effluents are characterized by circum-neutral pH and

metals release (like arsenic or antimony). Tailings desulphurization is an attractive aliernative
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technique for the control of both types of contaminated mine dramage. This paper presents
the application of desulphurization to prevent CND from a gold mine tailings (Lapa mine,
Qc, Canada) which contains arsenic (2080 g/t), mamly as arsenopyrite and antimony (405 g/t)
as antimony bearing sulphides. Desulphurization tests conducted by ore flotation produced
two successive concentrates (the first bemg mostly composed of tale and the second
contained mamly sulphides) and a desulphurized final residue. To predict ther arsenic release
potential, the present work evaluates the environmental behavior of the mitial ore (reference),
the talc concentrate and the desulphurized residue usig laboratory kietic test (weathering

cells) and arsenic batch sorption test.

7.2 Introduction

Contaminated neutral drainage (CND) & characterized by circum-neutral pH effluents with
concentrations of metals such as arsenic, nickel or zinc above regulations (Mayes etal., 2009,
Plante et al, 2010; Warrender et al, 2009). Many mine wastes containing arsenopyrite
produce arsenic contammated mine dramage as the mineral is often contamed m tailings
being barren or gold free. Arsenopyrite can be oxidized through the following reaction
resulting in arsenic leaching as arsenate n circum-neutral pHs and oxidizing conditions

(Haffert and Craw, 2008):
(7.1) 4FeAsS + 130, + 6 H,O 2 4 Fe'" + 4H;AsQ, + 4 SO4*

Prevention of CND or acid mine dramage (AMD) would requre removing onc of the
components of the sulphide oxidation reaction shown above. Some techniques such as
tailings covers itend to prevent oxygen and/or water mfiltration to tailings. Environmental
desulphurwzation aims at removing sulphides and producing a desulphurized tailings that does
not generate contaminated mine drainage. In most cases, the sulphide concentrate, as a small
volume, has a greater number of storage options such as paste backfill (Benzaazoua et al.,
2004). Desulphurization has been used on several mine tailings to prevent AMD (Leppmen et
al., 1997, Benzaazoua ct al, 2000; Yalcin et al, 2004) but, to the author’s knowledge, its
application to prevent CND has not yet been attempted.
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Lapa processing plant (Agnico-Eagle Mmnes Ltd.) produces gold using a standard ciwcuit
which consists of grinding and gravimetric separation followed by milling and cyanidation
processes. The Lapa tailings are deposited in the mamn pond within the LaRonde mine site
where cyanide destruction occurs through natural UV exposition followed by a Degussa
process (H;O,, Soluble silicate) to remove remaming cyanide phases. Desulphurization by
flotation was undertaken upstream of the cyanidation in two flotation stages that produced a
talc concentrate and then a sulphide concentrate. As some arsenic was entrained m the tale
concentrate, determmation of arsenic release potential of this product & essential to decide
whether to combine the tale concentrate with the desulphurized tailings or with the sulphide

concentrate if the arsenic release is too mportant.

The aim of this paper 18 to evaluate and assess the performance of environmental

desulphurization on arsenic release from the Lapa mine arsenic bearing wastes.

7.3 Materials and Methods

7.3.1 Materials

In order to work on fresh slurries, desulphurization flotation tests were conducted at the Lapa
concentrator using a laboratory Denver D-12 cell. Pulp sampling was done before the
cyanidation process twice a day to preserve the pulp physico-chemical properties. Feed solid
percentage and chemical composition was monitored during the testing period. Testing was
carried on a desulphurized tailings with an arsenic grade of 0.02 wt% and sulphur grade of
0.17 wt%. The two flotation stages produced two concentrates: the first concentrate mostly
consisted of phyllosilicates (mainly talc) floated without collector and the second concentrate
was composed of about 15 wt% sulphide floated with a xanthate collector at a pH=4.5, which
provided an arsenic recovery of 86 %. The feed, the desulphurized tailings, the talc
concentrate and a tak concentrate—taillings blend m balanced massic proportion (16 wt% tale
concentrate and 84 wt% tailings) were tested to evaliate their geochemical properties. The
blend of talk concentrate and tailings was tested in the prospect of combining the tale

concentrate to the desulphurized tailings as an option for Lapa tailings management.
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7.3.2 Physical, chemical and mineralogical characterization methods

The chemical composition of the Lapa tailings sample was evalated through a complete
digestion in HCVHNO,/HF/HCIO,; the solution was then analyzed using an inductively
coupled plasma and atomic emission spectroscopy (ICP-AES, Perkn Elmer). Arsenic and
antimony analysis were performed through instrumental neutron activation analysis (INAA).
The liquid samples (weathermg cell leachates) were alko analysed for chemical content by
ICP-AES. Specific gravity (Gs) was determined with a helium pycnometer (Micromeretics,
Accupyc 1330). Partick size distribution was determined using a Malvern Mastersizer laser
particle size analyser. The specific surface area (SSA) was analysed by a Micromeritics
surface area amalyser using the B.E.T. method (Brunauer et al, 1938). Mineralogical
characterization was done using a Bruker A.X.S. D8 advance x-ray diffraction (XRD)
mstrument equipped with a copper anticathode. Spectra were mterpreted using EV A software
for identification and the quantitative Rietveld method with TOPAS software (Rietveld,
1993). Mineralogical investigation of the solid samples (polished sections) was also
completed through micro-scale optical microscopy (OM) using a metallographic microscope;
reflection mode (Nikon Optiphot2-Pol). Further mformation was obtamed through Scanning
clectron microscope (SEM) observations on a Hitachi S-3500N VP-SEM coupled to an X-ray
energy dispersive spectrometer (EDS) (Oxford Instruments). EDS spectra were acquired by
INCA software. Observations were performed on polished sections coated with carbon.

Acceleration voltage was set at 20 kV and images were recorded m backscattered clectrons.

7.3.3 Environmental characterization methods

7.3.3.1 Static and kinetic tests

Acid-base accounting was performed using the modified Sobek method (Lawrence and
Wang, 1997) to evaluate the acid-generating potential (AGP). The acidity potential (AP) i
calculated from the sample sulphur percentage (under the sulphide form) assuming that all
sulphide are available for oxidation, and neutralzation potential (NP) is determined using an

acid-base titration.

Geochemical behaviour of the solid samples was mvestigated through small scale leaching

cells referred as weathermg cells (Cruz et al., 2001; Villeneuve, 2004). Weathering cells are
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used to accelerate tailings alteration in order to evaluate thewr reactivity. Cyclic flushes were
performed on 67 g. of material with 50 ml deionized water twice a week, on days 3 and 7.
The leachates were analyzed for pH, Eh, conductivity and chemical content by ICP-AES
(after 0.45 pum filtration and acidification with HNO,). The weathering cells were exposed to
ambient aw throughout the test period and kept m a humid state by regular deionzed water
spraymg as weathering cell (Figure 7.1). Thity-five cycles were performed m this study to
reach a geochemical steady state.

S0 mL deionized water

Sample (67 g)

Buchner funnel

ok
Leachates (analyses: pH, Eh, conductivity, ICP-AES)

Figure 7.1: Weatherimg cells installation (adapted from Cruz et al. 2001).

7.3.3.2 Retention test

Arsenic retention tests were conducted on the feed, the desulphurized tailngs and the talc
concentrate. The arsenic retention test s a batch test that mixes a given tailing mass with
different As(V) concentrations (1; 2; 5; 10; 20 mg/L.) at background pH. The feed and tailings
samples were tested in triplicates for the 2 and 20 mg/1 As concentrations. High repeatability
was observed with standard deviation of the amount of arsenic retained by the solid phase
below 10° mg/m’. Blank tests with arsenic-free solution were conducted to evalate the
arsenic leached from each material. As(V) synthetic solution was prepared from sodum
arsenite heptahydrate (Na,HAsO,.7H;0O) purchased from Sigma-Aldrich and a constant ionic
strength background was established with 0.05 M of NaNO,. All tests were carried out with
125 ml. solution m an Erlenmeyer flask using a liquid/solid ratio of 25 mg/l.. The
Erlenmeyer flasks were shaken for 24 hours at rcom temperature (25.0 + 1.0°C) and the
content was then filtered using a 0.45 pm membrane filter. The liquid phase was analysed for
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pH, Eh and chemical content by ICP-AES (after acidification). Test parameters were chosen
in accordance with the literature (Plante et al, 2010, Lim et al, 2009; Gu et al., 2010,
Paikaray et al., 2011). The amount of arsenic retamed by the solid phase was calculated by
the following equation 7.2:

(7.2) Qretention = ta-Ce)v

Qretention is the retained amount of arsenic by the mineral surfaces (mg/kg). V is the
solution volume (L) and m is the sample mass (g). Ci i the mitial arsenic concentration
(mg/l.) and Ce* i the corrected equilibrum arsenic concentration calculated by the

following equation 7.3:
(7.3) Ce*=Ce-Co  (3)

Ce and Co are respectively the equilibrium arsenic concentration and the arsenic released by

the material in the blank test (mg/L).

Interpretation of the retention phenomena can be made through the modeling of retention
isotherms alko referred as sorption sotherms. Langmuir and Freundlich models were used to
evaliate if the sorption mechanism followed a homogeneous active site and a monolayer
adsorption process (Langmuir) or heterogeneous active sites and a multilayer adsorption

(Freundlich).

7.4 Results and Discussion

7.4.1 Physical, chemical and mineralogical characterization of samples

Table 7.1 presents the chemical and mineralogical characteristics of the products.
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Feed Tale Desulphurized  Blend talc concentrate-
concentrate tailings tailings*

Weight (%) 100 14.5 789 3.4
Major elements

As (wt) 0.21 0.09 0.02 0.03
Fe (wt%) 5.25 5.53 4.54 4.70

S (wi%o) 0.37 0.19 0.17 0.17
Mg (wt%) 4.58 10.9 3.48 4.67
Ca (wt%) 2.90 1.45 2.99 274
K (wt%) 1.72 0.87 1.88 1.72
Na (wt%) 1.51 0.75 1.56 1.43
Cu (g/t) 58 80 6 18

Sb (g/t) 240 220 110 130

* Caleulated from talc and tailmgs analyses

The materials main constituents are quartz, plagioclase, dolomite and phyllosilicate. The

phyllosilicates are mamnly chlorite, biotite, muscovite and tale. Talc proportions within the

feed, take concentrate and desulphurized tailings are 8, 34, and 1 %, respectively (Table 7.1).

Table 7.2 Mineralogical characterization of the feed and flotation products

Feed Talc Desulphurized Blend talc concentr ate-
concentrate tailings tailings*

Mineral ogical quantification (XRD / Rietveld)
Quartz (%) 26 9 32 28
Phyllosilicate (%) 34 70 25 32
Plagioclase (%) 27 16 32 29
Dolomite (%) 10 5 9 8
Actinolite (%) 2 / 1 1
Sulphide (%) 1 / 1 1
Mineral calculation (from che mical analysis**)
Arsenopyrite (%) 0.46 0.20 0.04 0.07
Pyirhotite (%) 0.63 0.33 0.37 0.36
Chalcopynte (%) 0.02 0.02 0.00 0.01
Berthierite (%) 0.04 0.04 0.02 0.02

*Calculated from tale and tailings analyses; **As assigned to arsenopyrite, Cu assigned to

chalcopyrite, Sb assigned to berthierite, remaining sulphur assigned to pymhotite
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XRD analysis detected some pyrrhotite within the feed and the desulphurized tailings.
However arsenopyrite was present m all samples as shown by OM analysis and SEM-EDS
micro-analysis (Figure 7.2). Mineral characterization gave evidence that arsenopyrite was
mainly present as liberated particles of about 5 to 10 pm in the talc concentrate, confrary to
the desulphurized tailings which contained mainly locked arsenopyrite as illustrated by the
figure 7.2. Berthierite (FeSb,S4) was identified by SEM-EDS micro-analysis.
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Figure 7.2 SEM images illustrating A) locked arsenopyrite and B) partly locked pyrrhotite
within the desulphurized tailings, C) liberated fine berthierite and D) arsenopyrite within the
talc concentrate.

Physical characterization and acid generating potential classification are summanzed in
Tables 7.3 and 7.4. The high specific surface area reflects the phyllosilicate content of the
different material as the talc concentrate has the higher specific surface area. All materials

have similar particle size distribution. The net neutralization potential (NNP=NP-AP) and the
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NP/AP ratio are tailings classification criterion used for acid generating potential
mterpretation (Aubertin et al, 2002; SRK, 1989, Adams et al., 1997). Allsamples have NNP
above 20 CaCO; kg/t and NP/AP ratio above 2 and are therefore classified as non-acid

generating.

Table 7.3 Physical characteristics of the feed and the flotation products.

Feed Tale Desulphurized Blend talc
concentrate tailings concentrate-tailings *

Physical characteristics

DI0 (um) 2.65 3.09 3.09 /
D50 (um) 15.40 15.40 16.57 /
Cu=D60/D10 7.88 6.77 7.28 /
SSA (m'/g) 2.4 35 2.4 /
Gs (g/enr) 2.8 2.9 2.8 /

Table 7.4 Acid generating potential of the feed and the flotation products.

Feed Talc Desulphurized Blend talc
concentirate tailings concentrate-tailings *

Environmental characteristics

AP 11.6 5.9 53 53
NP 711 36.5 699 66.2
NNP 59.6 30.6 64.2 60.8
NP/AP 6.2 6.2 131 125

7.4.2 Kinetic tests

The weathering cell lkeachate chemistry is presented mn Figure 7.3 showing pH, conductivity,
arsenic and antimony release related to sulphide mmeral oxidation. Figure 7.4 shows the
evolution of the major ions Ca, Mg, Al and S release related to neutralizing minerals
dissolution and acidifying mineral oxidation. Sulphur was assumed to be expressed as
sulphate phases and ron s not presented here as its concentration was below the detection
limit for all samples during the test (precipitation in situ of ron as ferrihydrite according to
Visual Minteq s mulations). The pH remamed neutral at about 7.5-8 for all samples and the
Eh, not presented in this paper, remamed oxidizing at 400- 600 mV (SHE) allow mg oxidation
of the sulphides present m the samplkes. The conductivity quickly stabilized to approximately
150 pS/cm, typical of those encountered m neutral mine drainage (Plante et al., 2011b). The
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feed and tale concentrate samples had similar leachates characteristics (conductivity, element
release). Arsenic, antimony and sulphur release decreased steadily during the fist 60 days to
reach a dissolved concentration of 1 mg/l. for arsenic and antimony and 2 mg/L for sulphur.
Caleum and magnesmum release ako decreased for the fwst 25 days to reach a dissolved
concentration of 15 and 3 mg/l. respectively. On the other hand, the leachates from the
desulphurized tailings and the desulphurized tailings and tale concentrate blend samples
displayed similar trends. The sulphur (likely sulphates) release concentration decreased
steadily during the first 60 days reaching a dissolved concentration of 0.6 mg/L..
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Figure 7.3 Water quality evolution during the weathering cells tests conducted on the
desulphurization products. Notes: log scale for electrical conductivity; the line on the graph C

represents the punctual upper limit of As concentration (norm from Directive 019, 2005); the
dotted line corresponds to mean upper limit of As concentration. Arsenic concentration limits

were used for Sb release concentrations as there are no official limits for this contaminant

The arsenic release decreased progressively reaching 0.2 mg/L. for the desulphurized tailings
and 0.3 mg/lL for the blend of tailngs and talc concentrate. The blend of desulphurized
tailings and take concentrate was slightly above the limit set at 0.2 mg/L. by the Directive 019

(2005) for maximum mean arsenic aqueous emission but the arsenic release for the
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desulphurized tailings stayed within this limits. Antimony release decreased steadily to
stabilize around 0.2-0.5 mg/l, after 60 days for the desulphurized tailings and the blend. The
calcum and magnesium release concentrations within the desulphurized tailings and the
blend decreased during the first 25 days reaching a dissolved concentration of 15 and 3 mg/I
like the feed and the tale concentrate respectively. During this period, the sulphate release
was greater from the desulphurized tailings and the blend than from the feed and tale

concentrate but after reaching the steady state, this trend was revesed.
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Figure 7.4 Water quality evolution during the weathering cells testing on desulphurization
products; Note: log scale for Ca, S and Mg.

This trend inversion may be explamed by the fact that the remaining sulphides contained in
the desulphurized tailings are mamnly pyrrhotite that may have been destabilized/activated by
the acid conditioning during flotation leading to a first 25 days of higher sulphur release (no
gypsum detected n materials). The concentrations of released elements were added and
normalized to the sample mass and leachate volume to obtain cumulated vatlie n mg/kg (not

presented in the paper). The slope of the cumulated element versus time when a plateau was
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reached (after 25 days) represents the element release rate (mg/kg/days) which was calculated
by linear regression on this portion (Plante et al. 2011a). Release rate data corresponding to
the most pertinent elements are presented n Table 7.5. All linear regressions had high
determiation coefficient above 0.96. The feed and the tale concentrate released much more
arsenic, antimony and sulphate than the desulphurized tailings and the blend which also
released more neutralizing cations. The depktion of sulphur and antimony (related to the
oxidation of sulphides), caleum and magnesium (related to the dissolution of neutralizing
minerak) i presented in Figure 7.5. The depletion curves of sulphur and calcum show a
two-stage geochemical behavior with a fwst progressive decrease and a plateau at about 25
days. This kind of depletion trend has been outlmed in previous works (Benzaazoua et al
2004; Cruz et al 2001; Plante et al 2011a).

Table 7.5 Release rates of arsenic, sulphur and neutralizing cations with corresponding
determination coefficient (R”).

Release rates (mg/kg/day)

As (RY) S (k) Sh (R°) Ca+Mg+Mn (RY)
Feed 0.209(0.999)  0.464(0.997)  0.372(0.998) 2.773(0.999)
Talc concentrate 0.198 (0.997)  0.448 (0.993)  0.361 (0.994) 2.803 (0.999)

Desulphurized tailings  0.056 (0.996)  0.145(0.967)  0.087 (0.989) 3.866 (0.995)

Talc and tailngs blend  0.075 (0.998)  0.1680 (0.984) 0.1216 (0.984) 3.461 (0.995)

The first stage may be related to a rapid dissolution of pre-oxidized soluble phases and to fine
particles quicker dissolution. The second stage may be mrlated to passivation due to
precipitation of secondary minerals around the sulphide particle. The depletion curve of
arsecnic and antimony followed a constant decrease that may be related to progressive

oxidation of arsenopyrite and berthierite particles.
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Figure 7.5 Arsenic (A), antimony (B), caleum (C) and sulphur (D) depletion curves of the
four products studied by weathering cells.

The experimental conditions of Eh-pH within the weathering cells are represented in Figure
7.6 illustrating Eh-pH arsenic species distribution diagram. In the experiment, the arsenate
ion HAsO,” and the antimony ion Sb(OH)” were respectively the major arsenic and
antimony phases present i solution. In order to evaluate the impact of arsenic retention
phenomena on the arsenic release behaviour during the weathermg cell testing, the arsenic
retention potential of the different materials was estmated through retention tests. As (V)

was chosen as the major arsenic phase present in weathering cell leachates (Figure 7.6).
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Figure 7.6 Eh-pH diagram of the system As-O-H-S modified after Luet al. 2010 (A) and of
the system Sb-S-H,O modified after Filella et al. 2002 (B).Circled area corresponds to
experimental conditions.
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74.3 Retention test

The blank test allowed determination of imitially retained arsemic quantity for cach tested
material. During the blank test, the feed and tale concentrate had the highest concentration of
arsenic release with 1.36 and 1.40 mg/1. respectively. The desulphurized tailings did not
release significant amount of arsenic with only 0.12 mg/L dissolved arsenic in the blank test.
Results of retention isotherm tests are presented in Figure 7.7. The three tested materials
showed arsenic 1sotherms without a stnct plateau (Limousin et al., 2007). The sotherms were
well fitted with both Langmuir and Freundlich models with determination coeflicient above
0.95 (fitting parameters not presented herein). Therefore it is difficult to ascertain whether the
arsenic tetention process results from a monolayer or multilayer process involving

homogeneous or heterogeneous active sites.
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Figure 7.7 Arsenic refention isotherms (mg/m’) of the feed, the tak concentrate and the
desulphurized tailings showing data point and Langmuir fit arsenic retention.

Some differences could be observed between the three materiak tested: the feed and tak
concentrate had smilar arsenic retention isotherm m accordance with ther similar specific
surface area (Figure 7.7). The desulphurized tailings seemed to have slightly higher arsenic

retention capacities than the two other materials in accordance with less arsenic release in the

blank test.

The maximum sorption capacity estimated from the Langmuir model gave evidence that the
three materials of this study had poor arsenic retention capacities of around 50 mg/kg
probably due to the neutral pH of leachates as described in Chakraborty et al. (2007) which
evaluated the arsenic retention ability of phyllosilicates and determined that a maximum
arsenic retention of 200 mg'kg s reached at acidic pH. Therefore at neutral to high pH, the
arsenic retention phenomenon probably does not have a major impact on arsenic release.
However complementary testing could be performed such as saturation of arsenic sites by
adding arsenic in deionized water sprayed on the weathering cells or by recycling the

leachates (Plante, 2010)
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7.5 Conclusion and Recommendations

The evaluation of the arsenic release potential on various flotation products resultng from an

environmental desulphurization process (tale concentrate and desulphurized tailings) led to

the follow mg conclusions and recommendations:

The weathermg cells results suggest that the desulphurized tailings could be classified as a

non-arsenic generating material regarding the Directive 019 arsenic limits. However, scale-up

testing such as columns or field cell are recommended for final statement.

Desulphurization lowered antimony release in leachates bringing its concentrations

close to arsenic concentration limits.

The feed and the tale concentrate have equivalent arsenic release potential. The
latter is above the limits of arsenic concentration m effluents set by Directive 019

regulation for the mming mdustry n Quebec (mean upper limit of 0.2 mg/L).

The tale concentrate has half the amsenic content of the feed but still has high
arsenic generating potential. This high arsenic generation potential i probably
related to the dissolution of highly reactive fine particles of arsenopyrite entrained

i the talc concentrate during its flotation.

The leachates from the blend of tale and tailings were slightly above the Directive
019 limits for arsenic generation. Therefore, the tale concentrate should be stored
with the sulphide concentrate as an arsenic generating material. The authors suggest
evaluating the kinetic of arsenic entramment during the tale flotation so that it may
be possible to separate the tale concentrate mto more or less arsenic rich fraction
and to minimize the volume of arsenic generatng material. Processmg the tal
concentrate through physical separation to remove fine particles of amsenopyrite

could also be considered.

The arsenic retention capacity of the three tested materials i low due to the neutral
pH of leachates. Arsenic retention probably does not have a major impact on the

arsenic release phenomenon observed in the weathermg cells at neutral pH but
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complementary testing such as site saturation or leachate recycling could confirm

these results.

The sorption capacities of the different minerak constituting the Lapa material were not
mvestigated separately as pure minerals. Further investigations would be required to evaluate
the sorption capacity of each constituting mineral on the overall arsenic retention process.
The role of phyllosilicates such as chlorite and biotite as well as siderite i arsenic retention
have been evaluated m the literature (Lin and puls 2000; Chakraborty et al. 2007; Guo et al
201D).
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CHAPITRE 8

CONCLUSION

8.1 Sommaire

Ce projet s’inscrit 4 la suite de travaux portant sur la désulfuration environnementale par
flottation visant & prévenir le DMA (Benzaazoua ct al, 2008 ; Benzaazoua et al, 2000 ;
Bussicre et al, 1997 ; Demers et al, 2008 ; McLaughln et Stuparyk, 1994 ; Mermillod-
Blondm, 2005 ; Yalcm et al., 2004). La désulfuration par flottation est appliquée ici & deux
probEmatiques environnementales particulicres a savor la dimmution d’émission de SO, et
ke contrble du drainage neutre contaminé (DNC) 4 arsenic. Les camctristiques des produits
miniers liés & ces problématiques posent des défs techniques lorsqu’ils doivent Etre traités
par séparation minéralurgique (en 'occurrence par flottation). Amsi, un des produits mmiers
est un minerai d’hémo-ilménite qui contient de la pyrite sous forme grossiere (mme Tio, Rio
Tmto Fer et Titane). I.’autre matériau est un rejet minier générateur de DNC a Iarsenic issu
d’un gisement aurifere dont le minerai est traité par cyanuration (inhibition de la collection
des sulfures par les xanthates) et qui contient une quantité importante de minéraux
naturellement hydrophobes comme k tak (mme Lapa, Agnico-Eagle Mines Ltd.). La phase

arsénifere majoritare de ce minerai est 'arsénopyrite.

I’¢tude de ces produits miniers et des produits de flottation issus de leur traitement est
abordée dans ce travail par une caractérisation multidisciplinaire alliant analyses chimique,
physique et minéralogique. Cette caractrisation approfondie est essenticlle pour comprendre
les comportements minéralurgique (ex : entrainement) et environnementaux des produits
miniers lors de la flottation. Les défis reliés a la flottation de ces produits miniers sont
¢galement abordés d’un pomnt de vue fondamental & travers la caractérisation surfacique de
minéraux purs (pyrite et arsénopyrite) et des phases adsorbées apres I'ajout de collecteur de

type xanthate en solution.
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L’objectif de ce travail de doctorat est d’optimiser la désulfuration environnementale de
produits miniers aux caractéristiques diverses afin de dimmuer leur potentiel pollant.
L’efficacité de ces tratements au niveau de la qualté des eaux de dramage qui peuvent
découler des produits apres traitement est également étudice par tests de lixiviation. ID’autre
part, ce projet vise 4 améliorer la compréhension des mécanismes d’interactions entre les
sulfures et le film hydrophobe formé par des collecteurs de type xanthates. Pour répondre a
ces objectifs, Ia thése comporte six partics dont les conclusions et recommandations sont

détaillées dans les prochames sections :

1. Caractérisation des especes superficielles présentes a la surface de particules de
pyrite de différentes tailles granulométriques apres broyage. Les analyses de caractérisation
surfacique sont menées par spectroscopie aux rayons X (XPS) et par spectroscopic mfrarouge
a transformée de Fourier (FTIR). I’évolution des surfaces par oxydation a I’air ou suite a un
conditionnement aqueux a différents pHs est aussi abordée.

2. Caractérisation des phases adsorbées 4 la sute d’ajout de collkecteurs de type
xanthates sur de la pyrite de différentes tailles granulométriques. Différentes longueurs et
ramifications de la chamme alkyl des xanthates sont testées. Le taux de recouvrement du
collecteur est calculé par analyse des xanthates restant en solution par spectroscopie
ultraviolet (UV). La nature des phases xanthées adsorbées est détermmnée par spectroscopie
mfrarouge (FTIR).

3 Désulfuration du minerai d’hémo-ilménite issu de la mine Tio (Rio Tinto Fer et
Titane). Les tests sont effectués en cellule de flottation Denver de cing litres de volume.
Différentes longueurs et ramifications de chame alkyl des xanthates sont testées a différents
pHs de conditionnement de la pulpe. Les résultats sont évalués en termes de récupération en
soufre et teneur résiduelle en xanthates.

4. Caractérisation des espices superficielles présentes a la surface de I'arsénopyrite pure
apres broyage et conditionnement amsi que des phases xanthées adsorbées a la suite d’ajout
de collecteur de type xanthates. Les mémes procédures d’analyses appliquées a la pyrite sont
utilisées pour Iarsénopyrite. I.’ablation ionique associée a 1'analyse XPS est utilisée pour

caractériser "arsénopyrite aprés broyage car les spectres FTIR sont peu exploitables.
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5. Désulfuration du minerai aurifére issu de la mine Lapa (Agnico-Eagle Mmnes Ltd.).
Les tests sont réalisés en cellule de flottation Denver de cing litres sur ke site de la mine pour
éviter un vieillissement des surfaces. La flottation des minéraux naturellement hydrophobes
(phyllosilicates) est effectuée préalablement a la concentration des sulfures. Différents types
de xanthates sont testés. L mfluence du pH de flottation et de I'ajout de sulfate de cuivre
comme activant est évaluée sur les récupérations en soufre ¢t en arsenic amsi que sur la
cmétique de flottation.

6. Fvalation de Iefficacité de la désulfuration environnementale du minerai aurifére de
la mine Lapa a travers I'analyse de la qualité des eaux de dramage selon différents scénarios
de gestion des produits de flottation (en particulier I'influence des phyllosilicates sur le
relargage de I'arsenic). La caractérisation environnementale des produits de flottation est faite
par des tests statiques (PA, PN) et des tests cinétiques en mini-cellules d’altération. Le
potenticl de sorption d’arsenic des matériaux est également évalué a des pH proches de la

neutralité (pH des eaux de dramage).

La méthodologie de cette these ansi résumée permet d’aborder les principales conclusions et

recommandations de chacun des chapitres.

8.2 Chapitre 2

Dans ce chapitre, la pyrite pure est broyée puis tamisée produisant trois fractions
gramulométriques (F1 : 32-63 pm; F2 : 63-150 pum; F3 : 150-425 pm) qui représentent
I'éventail granulométrique de ce minéral dans le minerai d’hémo-ilménite. Ces fractions sont
produites dans des conditions de brovage similawes (temps/énergie). Leur caractérisation
surfacique est effectuée a l'aide de techniques d’analyse surfacique complémentares que sont
kes spectroscopies aux rayons X (XPS) et mfrarouge a transformée de Fourier (FTIR), qui ont
respectivement une profondeur d’analyse de quelques nanométres (~40 A) et de quelques
microns (~25000 A). Les résultats obtenus au niveau de la caractérisation surfacique aprés
broyage révclent ’existence de phases oxydées d’expansion tridimensionnelle (spectre FTIR
avec présence importante de sulfates et d’oxydes de fer) sur une surface présentant également
des zones non oxydées (analyse de zones non oxydées en XPS) pour les trois fractions
granulométriques étudiées. Les phases oxydées présentes sont essenticllement des sulfates et

des oxydes de fer ferreux et ferriques. La présence de soufre élémentawre et/ou de
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polysulfures est également mise en évidence par XPS. Apres broyage, les trois fractions ont
une couche d’oxydation externe similaire. Cependant la composition globale (inchant les
couches sous-jacentes non analysés en XPS) contient d’autant plus de sulfate ferreux que la
granulométrie est grossiere. Cette différence peut avor un impact sur la flottation puisqu’une
partic des phases oxydées est dissoute lors de ’adsorption des xanthates (réactions d’oxydo-
réduction). Les analyses surfaciques des trois fractions granulométriques révélent une
dissolution préférenticlle des sulfates ferriques. En accord avec d’autres travaux (Kongolo,
1991; Wang et Forssberg, 1991; Mermillod-Blondin, 2005), un conditionnement a pH acide
favorise la prédommance de sulfates de type ferreux alors qu’un pH basique développe plus
de sulfates ferriques hydratés et hydroxyks quelle que soit la fraction granulométrique.
Cependant, plus la fraction est grossiére moins les sulfates sont hydratés et hydroxylés.

8.3 Chapitre 3

Ce chapitre constitue la suite des travaux développés dans le chapitre 2. 11 évalue 1"impact du
type de chaine alkyl des xanthates (longueur et ramification) ainsi que la taille des particules
(trois fractions : F1, F2, F3) sur la quantité et la nature des phases xanthées adsorbées a la
surface de la pyrite pure. Les tests d’adsorption de collecteurs ont montré que la quantité de
xanthates adsorbés en fonction du pH de conditionnement est variable selon les fractions.
Amsi I'augmentation du pH, dans le cas de la fraction F1 (32-63 pm) provoque unc
dimmution de la quantit¢ de xanthates adsorbés tel que constaté dans des travaux antérieurs
(Cases et al., 1993; Mermmillod-Blondin, 2005). Cette dminution n’est pas observée pour les
fractions F2 et F3 (63-150 pm ¢t 150-425 um), probablement du fait de la moindre présence
des sulfates hydratés et hydroxylés, responsables de la dépression de la pyrite & pH basique
(chapitre 2). Une flottation 4 pH basique des particules grossicres pourrait donc &tre

envisagée avec moins de risque de dépression des surfaces.

D’autre part, quelle que soit la fraction granulométrique ou le type de xanthate testé,
I'augmentation du pH favorise la présence de dixanthogéne au détriment du complexe fer-
xanthate. A pH acide la nature des phases xanthées adsorbées dépend majoritairement de la
longueur de la chaine des xanthates quelle que soit la fraction granulométrique. Ainsi la
quantité¢ de xanthate de fer comparée a celle du dixanthogene diminue avec I’augmentation de

la longueur de la chamne et de la ramification de celle-ci. Enfm, I'augmentation de la
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ramification des xanthates permet d’obtenir un recouvrement surfacique des xanthates plus

¢leve a longueur €quivalente.

En perspective de ses travaux, I'utilisation mixte de collecteur chaine courte/ chamne longue et
ramifiée pourrait étre envisagée de fagon a favoriser I'adsorption de structure monocouche de
type fer-xanthate (ethylkanthate) sous-jacent a une structure multicouche de dixanthogene
(trimethyl hexylxanthate). Cecipourrait permettre d’associer un lien fort de type fer-xanthate

a une importante hydrophobicitée apportée par le collecteur a chaine longue et ramifice.

8.4 Chapitre 4

Dans ce chapitre, la désulfuration environnementale par flottation est appliguée 4 un
concentré d’hémo-ilménite ssu de la mme Tio (Rio Tinto Fer et Titane, RTFT) en vue de
dimmuer les émissions de SO, générées au cours de son grillage 4 haute température.
L’optmisation de la flottation de la pyrite grossicre est cnvisagée ici par des moyens
physico-chimiques. Dans ce but, le KAX-51 (colkcteur 4 chame longue et ramifi¢ utilisé
dans I’'mdustric) est utilisé, ainsi que deux autres collecteurs synthétisés pour I'étude dotés de
plus longues chames alkyls. Cette étude constitue une application industrielle des études
fondamentales développées dans les chapitres 2 et 3. Les tests de flottation sont réalisés en
cellule Denver de 5 L. en laboratoire. Les résultats sont évalués en termes de récupération en
soufre (sulfures). la quantité¢ de xanthate résiduel est également analysée afin d’estimer la
quantité de xanthate adsorbée. Le collecteur a chaine longue et ramifiée (trimethyl
hexylxanthate) est celui qui s’adsorbe Ie mieux. I1 permet d’atteindre une récupération de
84% avec deux étapes de flottation & 75 g/t de xanthate chacune et 4 un pH de 10,5. La
flottation de la pyric grossire donne des résulfats équivalents a pH acide (pH=4.5) et
basique (pH=9,5) pour les mémes dosages de collecteur. Ces résultats confrment les
observations faites dans ke chapitre 3 : les particules grossicres sont moins susceptibles d’étre
déprimées car clles présentent moins de phases hydrophyles 4 keurs surfaces (sulphate et
oxydes) que les particules fines en conditions alcalines. Par ailkurs, les collecteurs a chame
longue sont plus performants que leurs homologues a chaines plus courtes dans des
conditions alcalines. Une analyse granulochimique des produits de flottation démontre que
90% des sulfures inférieurs a 425 pm sont récupérés dans le concentré par le trimethyl

hexylxanthate. Cependant les sulfures supérieurs a 850 um ont une faible récupération de 30
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% et atteignent la limite de la flottation en utilisant des collecteurs a chame longues. Les
sulfures restants dans ke rejet désulfurés sont constitués de pyrite libre millimétrique et de
pyrite non libérée en grain mixte avec d’autres minéraux. I.’association de conditions
hydrodynamiques plus favorables a la flottation des particules grossieres avec des collecteurs
a chaines longues pourraient permettre de concentrer les mméraux de pyrite libre grossicre

restant dans le rejet désulfuré.

8.5 Chapitre 5

Ce chapitre décrit les travaux de la caractérisation swrfacique de I'arsénopyrite pure broyée
puis tamisée a la fraction 32-63 um. Tout comme pour la pyrite, la XPS et la FTIR ont été
utilisées pour leur complémentarité en termes de profondeur d’analyse. Cependant, de par la
faible épaisseur des phases oxydées présentes a la surface de arsénopyrite, le spectre
mfrarouge, qui ne montre que peu de détails, est difficilement interprétable. 1. ablation
ionique couplée a des analyses XPS a donc été effectuée sur de I'arsénopyrite apres broyage
afin d’évaluer la spéciation des phases oxydées sous-jacentes a la couche d’oxydation la plus
externe analysée par XPS (~ 40 A). La caractérisation surfacique de I'arsénopyrite aprés
broyage révele une surface riche en oxydes de fer et d’arsenic avec quelques traces de
sulfates. La couche d’oxydation est mince (50-200 A) avec un recouvrement non homogéne
de la surface (analyse de zone non oxydée en XPS). Le conditionnement & pH acide accrott le
recouvrement latéral de la couche d’oxydation a la surface de I'arsénopyrite mais diminue
son épaisseur par dissolition des phases oxydées présentes. L arsenic est présent dans les
phases d’oxydation sous forme d’As(l) (phases mtermédiaire analysée en XPS) et d”As(II)
(absence d’As (V). Des tests de sorption d’soamylkanthate ont ¢galement &té réalisés a pH
acide et la nature et la quantité de phases xanthées adsorbées ont ét€ analysées en couplant
spectroscopies ultraviolet et infrarouge suivant ke protocole utilisé pour la pyrite (Chapitre 3).
Les complexes de xanthates de fer ou d’arsenic sont détectés a des concentrations proches
d’un recouvrement monocouche de xanthate. En revanche, la formation de dixanthogéne est
observée a des concentrations plus élevées et plafonne avec une structure multicouche
équivalente a 33 monocouches de xanthates. I.’activation au sulfate de cuivre n’améliore pas
I'adsorption de xanthate a pH acide eten présence de cuivre résiduel en solution les xanthates

précipitent sous forme de xanthate de cuivre en solution et 4 la surface de arsénopyrite.
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8.6 Chapitre 6

Ce chapitre décrit 'application de la désulfuration environnementake par flottation du minerai
aurifere de la mme Lapa (Agnico-Eaglk Mines Ltd.) en amont de la cyanuration. Les essais
ont été effectués sur site afin de mmimiser le vieillissement de la pulpe. Ce mmerai contient
de l'arsénopyrite et des sulfures porteurs d’antimoine qui se retrouvent dans le rejet et posent
ke probleme de dramage neutre contammé a 'arsenic et a Pantimoine. 1.”échantillonnage du
minerai est effectué en amont du procédé de cyanuration afin d’éviter la passivation des
surfaces par les cyanures. Cette étude a montré que le concentré de tale, obtenu par flottation
naturelle des phyllosilicates préalablement 4 la concentration des sulfures, contient de fmes
particules d’arsénopyrite (~ 10 pm) qui ont €té entramnées (et non flottées). Pour la
concentration des sulfures, le collecteur KAX-51 permet d’atteindre de bons résultats a 75 et
100 g/t avec deux tests optimaux a pH=4,5 et a pH=10,5 avec activation au sulfate de cuivre.
La quantit¢ mportante d’acide a ajouter pour attemdre un pH de 4,5 pourrait rendre plus
¢conomigue la flottation a pH basique avec actvation au sulfate de cuivre bien que celle-ci
ait une cinétique de flottation plus lente qu’en pH acide. Des récupérations maximales de 92
% d’arsenic et de 50 % d’antimome ont ¢té atteintes dans le concentré de sulfure permettant
d’attemdre des tencurs résiduelles en arsenic de 0,02% et en antimoine de 0,01 % pour des
teneurs mitiales respectives de 0,2 % et de 0,04 %. Les prmcipaux sulfures concentrés par
flottation sont la pyrrhotite et 'arsénopyrite avec quelques traces de sulfures d’antimome tel
que la berthiérite. Le rejet désulfuré contient des sulfures résiducls (pyrrhotite et
arsénopyrite) non libérés (taille : 10-50 pm) et donc non récupérables par flottation.
Finalement, en s’appuyant sur les résultats prometteurs de cette étude, un procédeé
minéralurgique mtégrant la désulfuration environnementale est proposé. Deux circuits de
cyanuration devraient étre envisagés qui séparer les matériaux générateurs d’arsenic de
ceux qui sont non générateurs d’arsenic. . Le concentré de tale et le rejet de désulfuration
pourront, s’ils sont non générateurs de DNC i larsenic et I'antimoine (Chapitre 7), &tre
stockés en parc 4 résidu aprés cyanuration (procédé existant). La cyanuration du concentré de
sulfure devra étre adaptée a sa teneur élevée en sulfure qui peut compromettre la lixiviation
de Tor. L ajout de chaux et de nitrate de plomb peut alors permettre d’augmenter cette mise
en solution (Deschénes et al., 2009). La présence d’agents de flottation tels que du collecteur

et du moussant peut également étre néfaste pour la cyanuration. Mais une optimisation du
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dosage de ces réactifs en les réduisant au minimum permet d’éviter I'effet de « carbon
fooling » causé par la fixation de composés organiques i la surface des charbons actifs

(Salarirad and Behnamfard, 2010).

8.7 Chapitre 7

Ce chapitre évalue Tefficacité de la désulfuration de mmerai arsénifere de la mine Lapa
(Agnico-Eagle Mine 1td.) afin de rédure la contammation des ecaux a travers différents
scénarios de gestion des produits de flottation (en particulier pour le concentré de talc). Tel
que décrit dans le chapitre 6, le concentré de tak contient des fines particules d’arsénopyrite
entramé. On évalue dans cette étude si le rejet désulfuré et le concentré de tak sont non
générateurs de DMA ou de DNC As-Sb. Cette étude montrent qu’aucun des matériaux testés
(alimentation, concentré de tak, rejet et mixte rejet/concentré de tak) n’est générateur
d’acide d’apres les criteres de classification des rejets miniers (SRK, 1989, Adams et al.,
1997). Les mini-cellules d’altération mises en place sur ces quatre matériaux indiquent que le
pH reste autour de la neutralité. I.’alimentation et le concentré de talke ont un comportement
similaire en termes de qualité des eaux de dramage et la concentration en arsenic y est comme
attendu supérieure aux normes de la Directive 019. L antimoine est présent dans les eaux de
drainage en quantité¢ similamre 4 ’arsenic. Cependant au contraire de I"arsenic, il n’existe pas
de normes concermant cet €lément. Cette étude montre que le rejet désulfuré respecte Ia
Directive 019 pour la teneur en arsenic de ses caux lixivices. Si le concentré de tale est ajouté
au rejet (proportions massiques respectées), le mélange se situe a la limite de la Directive 019
au niveau de la concentration en arsenic des caux de dramage. La capacité¢ de sorption de
I’arsenic a été testée pour le concentré de tale, ’almentation et le rejet désulfuré a pH naturel
(importance du phénomene sur le DNC). Les matériaux ont une faible capacité de sorption de
Iarsenic a hauteur de 50 mg/kg. I.”impact de la sorption sur des tests tels que les mini-
cellules n’est donc probablement pas significatif. Cependant, il serait utile d’effectuer des
tests a grande échelle (colonne, cellule de terrain) de saturation des sites ou de recyclage des
eaux lixiviees, ce qui permettrait de confirmer les conclusions tirées de cette étude (Plante,
2010). La désulfuration environnementale par flottation du minerai arsénifere de la mine
Lapa a atteint son objectif de diminuer le potentiel polluant de ce produit minier en diminuant

la concentration en arsenic ¢t en antimoine de ses eaux de dramage. Le concentré de tale doit
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cependant étre considéré comme générateur de DNC a Iarsenic et ne peut étre stocké avec le
rejet désulfuré (limite Directive 019). Cependant, une séparation des fmnes particules
d’arsénopyrite par un procédé de séparation mméralurgique pourrait étre envisagée afin de
dimmuer le volume de rejet générateur de DNC. Une cmnétique d’entrainement des fines
particules d’arsénopyrite au cours de la flottation des phyllosilicates pourraient également

&tre entreprise dans ce méme but.

8.8 Derniéres remarques

L’é¢tude de minéraux purs (pyrite et arsénopyrite) a permis de caractériser de fagon
approfondie leurs surfaces sute au broyage amsi que keur évolution par oxydation a Iarx, par
conditionnement aqueux & différent pH et par adsorption de différents types de xanthates.
I.’¢tude fondamentale entreprise dans cette thése apporte des connaissances complémenta ires
sur les mécanismes d’adsorption des xanthates sur la pyrite appliquée a des tailles
granulométriques grossieres et sur Parsénopyrite de taille standard. I.’impact du type de

chamne alkyl sur les mécanismes d’adsorption de la pyrite est également démontré.

Dans I'optique d’établir un lien plus fort entre 1’étude fondamentale et son application en
flottation, une échelle intermédiaire peut alors étre adoptée en utilisant des minéraux purs
(broyés a une granulométrie similaire a celle des sulfures présents dans le produit minier)
comme « sonde » dans une cellule de flottation en laboratoire. En effet I'étude des surfaces
est difficile dans le cas de mélanges pliri minéralogique (cas des minerais/rejets miniers) en
revanche l'analyse surfacique de ces mméraux pures permettrait d’évaluer de fagon plus
précise et réaliste 1'influence des conditions physico-chimique de la pulpe sur la surface des
sulfures. 11 faudrait cependant s’ assurer que la membrane utilisée contenant les minéraux purs
n’inhibe pas la diffusion des composés organiques tels que les xanthates présent dans la
cellule de flottation.

Dans ce projet, les connaissances fondamentales acquises sur la pyrite et 1"arsénopyrite ont
¢té appliquées a deux produits mmiers (k concentré d’hémo-ilménite de la mine Tio et le
minerai de la mme Lapa) afin de répondre a de nouvelles problématiques de la désulfuration

environnementale: la prévention d’émission de SO, et de génération de DNC a I’arsenic.
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Le choix des parametres de flottation d’un produit minier dans le cadre de la désulfuration
environnementale dépend des caractéristiques minéralogiques de ce demier et du contexte
métallurgique dans lequel ke procédé s’msere. Dans ce projet, la présence de pyrite grossiere
pour l concentré d’hémo-ilménite constitue un défi technique reliée aux limites
granulométriques connues de la flottation. Pour le mmerai de la mine Lapa, la flottation est
placée en amont de la cyanuration du mmerai afin d’éviter une inhibition des xanthates. Par
ailleurs I'entramement des fines particules d’arsénopyrite par les phyllosilicates nécessiterait
une séparation préalable ou ultérieure de ces fines particules hautement réactives atin de

dimmuer le volume de matériel générateur d’arsenic.

Le choix de la désulfuration environnementale comme méthode de gestion mtégrée des rejets
miniers est de plus en plus souvent considérée par I'industric mmiére comme moyen de
prévention des pollutions liées 4 'oxydation des sulfures (dramage mmier contaminé ou
émission de SO,). Ces travaux démontrent que la désulfuration peut &tre appliquée avec
succés 4 d’autres problématiques envrronnementales que la prévention du DMA. Son
mtégration au traitement métallurgique est souhaitable de fagon a éviter une étape de
réactivation des surfaces couteuse en acide sulfurique et parfois ditficile a réaliser en sortie de
concentrateur. Il conviendrait donc lors de I’étape du développement du procédé de
tratement du minerai d’optimiser a la fois la récupération des valeurs économiques et la
dimmution du potentiel polluant. Des procédés autres que la flottation peuvent étre appliqués
en fonction des propriétés physico-chimiques des minéraux a séparer. Ainsi en présence de
fmes particules de sulfures, lutilisation d’un hydrocyclone ou d’un autre procédé &
séparation physique pourrait étre chosie préalablement 4 la flottation. La cohabitation entre
flottation et cyanuration peut &tre délicate a appliquer puisque ces deux procédés de physico-
chimie de surface s’mhibe I'un et lautre (cyanuration en amont : les cyanurcs mhibent
I'adsorption des xanthates; flottation en amont : les xanthates mhibent 1’adsorption de 1’or sur
les charbons actifs). Un dosage optimal des agents de flottation permettrait cependant de
minimiser "impact sur la cyanuration (Salaharidad et Behnamfard, 2010). Par ailleurs I
développement de collecteurs de sulfures msensibles aux cyanures tout en restant sélectifs
peut également étre une solution de cohabitation cyanuration/flottation. Enfin, I'adoption de

normes environnementales sur la qualité¢ des effluents mtermédiaires pourrait favoriser les
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pratiques de destruction des agents de flottation (collecteurs et moussants) avant cyanuration

ou des cyanures avant flottation (avec réactivation des surfaces).

8.9 Déclaration

Je déclare étre "auteur principal des travaux de laboratoire et de la rédaction des chapitres de
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APPENDICE A

XPS-PYRITE DU PERU ET ARSENOPYRITE DE PANASQUEIRA (CD-ROM)
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FTIR - PYRITE DUPERU ET ARSENOPYRITE DE PANASQUEIRA (CD-ROM)



Figure 2.3

n°spectre VD97 VvDo6 VD9O5
nom F3 F2 F1
cm-1 a b c
4001,5686]0,04243 0,10892 0,21915
3999,6401410,04239 0,10883 0,21895
3997,71167]0,04242 0,10879 0,21895
3995,7832|0,04242 0,10874 0,21880
3993,85474]0,04231 0,10863 0,21845
3991,92627]0,04225 0,10851 0,21838
3989,9978|0,04225 0,10841 0,21837
3988,06934|0,04213 0,10822 0,21805
3986,14087]0,04208 0,10815 0,21780
3984,212410,04209 0,10820 0,21767
3982,28394|0,04205 0,10804 0,21757
3980,35547]0,04204 0,10789 0,21741
3978,427]0,04197 0,10785 0,21720
3976,49854]0,04195 0,10783 0,21709
3974,57007]0,04197 0,10778 0,21700
3972,6416|0,04189 0,10763 0,21674
3970,71313]0,04186 0,10749 0,21638
3968,78467]0,04183 0,10739 0,21633
3966,8562|0,04169 0,10719 0,21617
3964,92773]0,04170 0,10718 0,21596
3962,99927]0,04193 0,10731 0,21607
3961,0708|0,04181 0,10704 0,21566
3959,14233|0,04166 0,10687 0,21530
3957,21387]0,04182 0,10695 0,21528
3955,28540,04176 0,10684 0,21509
3953,35693|0,04164 0,10672 0,21499
3951,42847]0,04170 0,10662 0,21477
3949,510,04206 0,10682 0,21479
3947,57153|0,04180 0,10643 0,21420
3945,64307]0,04137 0,10598 0,21392
3943,7146|0,04212 0,10679 0,21495
3941,78613|0,04192 0,10640 0,21395
3939,85767]0,04118 0,10556 0,21306
3937,929210,04161 0,10599 0,21382
3936,00073|0,04144 0,10586 0,21336
3934,07227]0,04161 0,10609 0,21377
3932,1438|0,04228 0,10650 0,21431
3930,21533|0,04139 0,10538 0,21248
3928,28687]0,04090 0,104596 0,21213
3926,3584|0,04170 0,10577 0,21350
3924,42993|0,04174 0,10575 0,21289
3922,50146|0,04098 0,104594 0,21170
3920,573]0,04128 0,10516 0,21248




3918,6445310,04195 0,10577 0,21301
3916,71606]0,04163 0,10530 0,21207
3914,7876)0,04077 0,10433 0,21087
3912,85913]0,04072 0,10444 0,21099
3910,93066]0,04120 0,10494 0,21171
3909,0022]0,04080 0,10438 0,21091
3907,07373]0,04116 0,10482 0,21157
3905,14526]0,04258 0,10600 0,21333
3903,2168)0,04201 0,10485 0,21174
3901,28833]0,04119 0,10393 0,21069
3899,35986)0,04141 0,10415 0,21092
3897,4314]0,04048 0,10329 0,20929
3895,50293]0,03987 0,10300 0,20862
3893,57446]0,04130 0,10466 0,21140
3891,646]0,04248 0,10538 0,21250
3889,71753]0,03963 0,10195 0,20697
3887,78906]0,04034 0,10336 0,20972
3885,8606]0,04304 0,10596 0,21356
3883,93213]0,03938 0,10130 0,20613
3882,00366]0,04045 0,10316 0,20962
3880,0752]0,04275 0,10539 0,21189
3878,14673]0,03887 0,10101 0,20523
3876,21826]0,04048 0,10340 0,20979
3874,28979]0,04186 0,10425 0,20985
3872,36133]0,04014 0,10213 0,20741
3870,43286]0,04216 0,10441 0,21182
3868,50439]0,04001 0,10140 0,20605
3866,57593]0,03930 0,10116 0,20645
3864,64746]0,04187 0,10406 0,21073
3862,71899]0,04020 0,10165 0,20593
3860,79053]0,03973 0,10149 0,20646
3858,86206]0,04016 0,10205 0,20677
3856,93359]0,04049 0,10233 0,20693
3855,00513]0,04339 0,10521 0,21406
3853,07666]0,04270 0,10276 0,21002
3851,14819]0,03693 0,09669 0,20002
3849,21973]0,03868 0,09993 0,20443
3847,29126]0,03975 0,10123 0,20586
3845,36279]0,04044 0,10180 0,20633
3843,43433]0,04092 0,10215 0,20697
3841,50586]0,04048 0,10138 0,20541
3839,57739]0,04116 0,10205 0,20728
3837,64893]0,04061 0,10096 0,20680
3835,72046]0,03840 0,09833 0,20203
3833,79199]0,03963 0,10026 0,20445
3831,86353]0,04051 0,10122 0,20570
3829,93506]0,03886 0,09931 0,20231




3828,00659]0,04003 0,10096 0,20529
3826,07813]0,04026 0,10083 0,20428
3824,14966]0,03899 0,09959 0,20252
3822,22119]0,04223 0,10315 0,20930
3820,29272]0,04049 0,09980 0,20282
3818,36426]0,03812 0,09792 0,20098
3816,43579]0,04090 0,10124 0,20726
3814,50732]0,03848 0,09779 0,20072
3812,57886]0,03792 0,09797 0,20066
3810,65039]0,03928 0,09975 0,20286
3808,72192]0,04024 0,10057 0,20467
3806,79346]0,04064 0,10030 0,20455
3804,86499]0,03770 0,09698 0,19896
3802,93652]0,04020 0,10029 0,20519
3801,00806]0,04098 0,10009 0,20464
3799,07959]0,03675 0,09553 0,19713
3797,15112]0,03950 0,09931 0,20297
3795,22266]0,03955 0,09884 0,20164
3793,2941910,03777 0,09715 0,19916
3791,36572]0,03916 0,09906 0,20203
3789,43726]0,03875 0,09837 0,20050
3787,50879]0,03854 0,09811 0,20058
3785,58032]0,03948 0,09896 0,20175
3783,65186]0,03849 0,09771 0,19956
3781,72339]0,03862 0,09804 0,20045
3779,79492]0,03973 0,09898 0,20157
3777,86646]0,03845 0,09725 0,19904
3775,93799]0,03806 0,09712 0,19917
3774,00952]0,03835 0,09754 0,19945
3772,08105]0,03891 0,09800 0,20035
3770,15259]0,03978 0,09850 0,20117
3768,22412]0,03818 0,09651 0,19815
3766,29565]0,03851 0,09716 0,19938
3764,36719]0,03873 0,09716 0,19892
3762,43872]0,03756 0,09605 0,19741
3760,51025]0,03923 0,09813 0,20083
3758,58179]0,03904 0,09727 0,19895
3756,65332]0,03763 0,09571 0,19700
3754,72485]0,03837 0,09679 0,19893
3752,79639|0,03922 0,09746 0,20068
3750,86792]0,04026 0,09781 0,20225
3748,93945]0,03657 0,09309 0,19425
3747,01099]0,03697 0,09444 0,19635
3745,08252]0,04130 0,09907 0,20468
3743,15405]0,03778 0,09381 0,19516
3741,22559]0,03589 0,09280 0,19264
3739,25712]0,03888 0,09667 0,19886
3737,36865]0,04015 0,09723 0,19998




3735,44019]0,03993 0,09613 0,19770
3733,51172]0,03955 0,09565 0,19738
3731,58325]0,03802 0,09401 0,19531
3729,65479]0,03766 0,09381 0,19421
3727,72632]0,03931 0,09585 0,19700
3725,79785]0,03968 0,09589 0,19704
3723,86938|0,03868 0,09475 0,19539
3721,94092]0,03865 0,09504 0,19593
3720,01245]0,03803 0,09450 0,19518
3718,08398]0,03751 0,09429 0,19508
3716,15552]0,03702 0,09403 0,19454
3714,22705]0,03762 0,09494 0,19656
3712,29858]0,03907 0,09582 0,19800
3710,37012]0,03773 0,09349 0,19438
3708,44165]0,03679 0,09347 0,19530
3706,51318]0,03599 0,09265 0,19323
3704,58472]0,03665 0,09281 0,19302
3702,65625]0,03871 0,09491 0,19643
3700,72778]0,03759 0,09332 0,19356
3698,79932]0,03649 0,09230 0,19246
3696,87085]0,03722 0,09333 0,19401
3694,9423810,03684 0,09288 0,19328
3693,01392]0,03675 0,09280 0,19348
3691,08545]0,03791 0,09382 0,19542
3689,15698]0,03713 0,09242 0,19461
3687,22852]0,03443 0,08934 0,19016
3685,30005]0,03444 0,09002 0,18985
3683,37158]0,03544 0,09172 0,19240
3681,44312]0,03610 0,09231 0,19345
3679,51465]0,03568 0,09163 0,19164
3677,58618]0,03685 0,09295 0,19538
3675,65771]0,03914 0,09444 0,19797
3673,72925]0,03421 0,08889 0,18819
3671,80078]0,03495 0,09084 0,19270
3669,87231]0,03766 0,09324 0,19628
3667,94385]0,03429 0,08914 0,18865
3666,01538]0,03439 0,09022 0,19068
3664,08691]0,03557 0,09163 0,19269
3662,15845]0,03555 0,09137 0,19183
3660,22998]0,03515 0,09085 0,19106
3658,30151]0,03596 0,09173 0,19300
3656,37305]0,03688 0,09223 0,19411
3654,44458]0,03439 0,08931 0,18929
3652,51611]0,03546 0,09112 0,19231
3650,58765]0,03845 0,09381 0,19725
3648,65918]0,03650 0,09042 0,19228
3646,73071]0,03453 0,08877 0,18924
3644,80225]0,03448 0,08935 0,18999




3642,8737810,03477 0,08996 0,19102
3640,94531]0,03550 0,09078 0,19198
3639,01685]0,03510 0,09014 0,19097
3637,08838]0,03496 0,08998 0,19115
3635,15991]0,03590 0,09086 0,19276
3633,23145]0,03525 0,08986 0,19075
3631,30298]0,03582 0,09059 0,19294
3629,37451]0,03878 0,09312 0,19761
3627,44604]0,03513 0,08823 0,18923
3625,51758]0,03367 0,08771 0,18884
3623,58911]0,03523 0,08990 0,19210
3621,66064]0,03524 0,08997 0,19228
3619,73218]0,03614 0,09089 0,19449
3617,80371]0,03475 0,08896 0,19126
3615,87524]0,03351 0,08833 0,19089
3613,9467810,03488 0,09027 0,19410
3612,01831]0,03394 0,08907 0,19213
3610,08984]0,03356 0,08882 0,19281
3608,16138]0,03455 0,08953 0,19361
3606,23291]0,03341 0,08830 0,19131
3604,30444]0,03298 0,08837 0,19201
3602,37598]0,03393 0,08941 0,19370
3600,44751]0,03402 0,08954 0,19405
3598,51904]0,03312 0,08859 0,19286
3596,59058]0,03335 0,08882 0,19320
3594,66211]0,03403 0,08947 0,19423
3592,73364]0,03312 0,08841 0,19267
3590,80518]0,03277 0,08845 0,19330
3588,8767110,03430 0,09018 0,19629
3586,9482410,03404 0,08940 0,19467
3585,01978]0,03212 0,08757 0,19232
3583,09131)0,03225 0,08822 0,19375
3581,1628410,03258 0,08871 0,19442
3579,23438]0,03233 0,08849 0,19415
3577,30591)0,03232 0,08857 0,19422
3575,37744]0,03233 0,08858 0,19436
3573,44897]0,03227 0,08849 0,19438
3571,52051]0,03190 0,08820 0,19399
3569,59204]0,03258 0,08896 0,19561
3567,66357]0,03386 0,08995 0,19686
3565,73511]0,03246 0,08821 0,19406
3563,80664]0,03133 0,08736 0,19353
3561,87817]0,03189 0,08815 0,19474
3559,94971]0,03192 0,08819 0,19463
3558,02124]0,03161 0,08792 0,19456
3556,09277]0,03152 0,08786 0,19459
3554,16431]0,03174 0,08811 0,19518
3552,23584]0,03189 0,08811 0,19522




3550,30737]0,03127 0,08750 0,19426
3548,37891]0,03150 0,08792 0,19517
3546,4504410,03213 0,08836 0,19573
3544,52197]0,03150 0,08756 0,19460
3542,59351]0,03104 0,08717 0,19446
3540,66504]0,03101 0,08725 0,19464
3538,73657]0,03103 0,08739 0,19490
3536,80811]0,03125 0,08747 0,19513
3534,87964]0,03099 0,08718 0,19463
3532,95117]0,03061 0,08693 0,19449
3531,02271]0,03083 0,08709 0,19497
3529,0942410,03104 0,08719 0,19499
3527,16577]0,03076 0,08690 0,19451

3525,2373]0,03067 0,08684 0,19463
3523,30884]0,03072 0,08679 0,19474
3521,38037]0,03030 0,08636 0,19431

3519,4519]0,03012 0,08628 0,19427
3517,52344]0,03022 0,08626 0,19433
3515,59497]0,03007 0,08611 0,19431

3513,6665]0,02998 0,08612 0,19435
3511,73804]0,03009 0,08616 0,19449
3509,80957]0,03022 0,08619 0,19467

3507,8811]0,02991 0,08578 0,19417
3505,95264]0,02974 0,08570 0,19419
3504,02417]0,03015 0,08620 0,19469

3502,0957]0,02997 0,08585 0,19413
3500,16724]0,02953 0,08542 0,19391
3498,23877]0,02966 0,08563 0,19432

3496,3103]0,02976 0,08559 0,19426
3494,38184]0,02955 0,08541 0,19409
3492,45337]0,02942 0,08534 0,19412

3490,5249]0,02956 0,08537 0,19439
3488,5964410,02968 0,08547 0,19452
3486,66797]0,02952 0,08534 0,19424

3484,7395]0,02934 0,08520 0,19425
3482,81104]0,02951 0,08529 0,19457
3480,88257]0,02952 0,08515 0,19430

3478,954110,02928 0,08492 0,19400
3477,02563]0,02942 0,08504 0,19428
3475,09717]0,02941 0,08503 0,19417

3473,1687]0,02922 0,08484 0,19398
3471,24023]0,02928 0,08491 0,19412
3469,31177]0,02928 0,08499 0,19412

3467,3833]0,02935 0,08492 0,19407
3465,4548310,02928 0,08473 0,19400
3463,52637]0,02912 0,08467 0,19395

3461,5979]0,02916 0,08466 0,19382
3459,66943]0,02907 0,08455 0,19373




3457,74097]0,02895 0,08451 0,19372

3455,8125]0,02895 0,08451 0,19364
3453,88403]0,02895 0,08446 0,19374
3451,95557]0,02887 0,08433 0,19360

3450,0271]0,02893 0,08440 0,19358
3448,09863]0,02919 0,08459 0,19398
3446,17017]0,02896 0,08429 0,19354

3444,241710,02872 0,08417 0,19330
3442,31323]0,02894 0,08434 0,19372
3440,38477]0,02888 0,08421 0,19350

3438,4563]0,02881 0,08422 0,19348
3436,52783]0,02882 0,08414 0,19360
3434,59937]0,02880 0,08410 0,19340

3432,6709]0,02886 0,08426 0,19353
3430,74243]0,02870 0,08402 0,19342
3428,81396]0,02872 0,08394 0,19329

3426,8855]0,02883 0,08405 0,19346
3424,95703]0,02868 0,08401 0,19327
3423,02856]0,02882 0,08410 0,19335

3421,1001]0,02904 0,08415 0,19355
3419,17163]0,02883 0,08399 0,19318
3417,24316]0,02869 0,08394 0,19313

3415,3147]0,02881 0,08404 0,19340
3413,38623]0,02885 0,08410 0,19339
3411,45776]0,02884 0,08411 0,19341

3409,52930,02877 0,08408 0,19336
3407,60083]0,02872 0,08402 0,19329
3405,67236|0,02877 0,08406 0,19338

3403,7439]0,02874 0,08407 0,19327
3401,81543]0,02880 0,08399 0,19318
3399,88696)0,02887 0,08403 0,19334

3397,9585|0,02880 0,08407 0,19325
3396,03003]0,02876 0,08392 0,19305
3394,10156]0,02872 0,08390 0,19309

3392,1731|0,02871 0,08395 0,19306
3390,24463]0,02868 0,08378 0,19288
3388,31616]0,02860 0,08379 0,19282

3386,3877]0,02865 0,08389 0,19279
3384,45923]0,02869 0,08376 0,19277
3382,53076]0,02851 0,08365 0,19266
3380,60229]0,02846 0,08368 0,19262
3378,67383]0,02850 0,08365 0,19265
3376,74536|0,02837 0,08350 0,19241
3374,81689]0,02836 0,08349 0,19225
3372,868843]0,02839 0,08356 0,19227
3370,95996]0,02833 0,08352 0,19224
3369,03149]0,02839 0,08348 0,19222
3367,10303]0,02843 0,08349 0,19223




3365,17456]0,02839 0,08346 0,19213
3363,24609]0,02827 0,08339 0,19198
3361,31763]0,02819 0,08339 0,19182
3359,38916]0,02818 0,08337 0,19170
3357,46069]0,02813 0,08333 0,19172
3355,53223]0,02814 0,08334 0,19166
3353,60376]0,02810 0,08322 0,19150
3351,67529]0,02797 0,08304 0,19143
3349,74683]0,02803 0,08305 0,19135
3347,81836]0,02806 0,08309 0,19134
3345,88989]0,02793 0,08301 0,19128
3343,96143]0,02793 0,08301 0,19111
3342,03296]0,02792 0,08302 0,19104
3340,10449]0,02785 0,08294 0,19100
3338,17603]0,02788 0,08288 0,19097
3336,24756]0,02795 0,08284 0,19097
3334,31909]0,02788 0,08278 0,19087
3332,39063]0,02774 0,08276 0,19075
3330,46216]0,02774 0,08272 0,19068
3328,53369|0,02769 0,08265 0,19063
3326,60522]0,02764 0,08261 0,19062
3324,67676]0,02775 0,08262 0,19051
3322,74829]0,02763 0,08259 0,19025
3320,81982]0,02746 0,08250 0,19012
3318,89136|0,02753 0,08238 0,19015
3316,96289]0,02749 0,08234 0,19010
3315,03442]0,02741 0,08235 0,18994
3313,10596]0,02744 0,08226 0,18990
3311,17749]0,02741 0,08219 0,18994
3309,24902]0,02737 0,08224 0,18989
3307,32056]0,02728 0,08213 0,18967
3305,39209]0,02716 0,08199 0,18947
3303,46362]0,02723 0,08206 0,18942
3301,53516]0,02727 0,08201 0,18931
3299,60669]0,02713 0,08181 0,18905
3297,67822]0,02703 0,08174 0,18889
3295,74976]0,02700 0,08170 0,18888
3293,82129]0,02696 0,08164 0,18882
3291,89282]0,02696 0,08163 0,18873
3289,96436|0,02697 0,08159 0,18869
3288,03589]0,02690 0,08146 0,18849
3286,10742]0,02683 0,08140 0,18836
3284,17896]0,02684 0,08140 0,18840
3282,25049]0,02677 0,08131 0,18828
3280,32202]0,02670 0,08122 0,18812
3278,39355|0,02671 0,08116 0,18808
3276,46509]0,02660 0,08107 0,18796
3274,53662]0,02658 0,08106 0,18780




3272,60815]0,02664 0,08108 0,18775
3270,67969]0,02652 0,08099 0,18763
3268,75122]0,02642 0,08086 0,18752
3266,82275]0,02643 0,08078 0,18744
3264,8942910,02637 0,08071 0,18725
3262,96582]0,02632 0,08068 0,18722
3261,03735|0,02628 0,08058 0,18712
3259,10889]0,02618 0,08043 0,18686
3257,18042]0,02617 0,08048 0,18690
3255,25195]0,02615 0,08046 0,18684
3253,32349]0,02605 0,08027 0,18656
3251,39502]0,02604 0,08015 0,18648
3249,46655]0,02595 0,08015 0,18638
3247,53809]0,02588 0,08021 0,18626
3245,60962]0,02593 0,08012 0,18611
3243,68115]0,02582 0,07999 0,18590
3241,75269]0,02573 0,07999 0,18585
3239,8242210,02577 0,07989 0,18568
3237,89575]0,02566 0,07975 0,18547
3235,96729]0,02558 0,07972 0,18554
3234,03882]0,02561 0,07966 0,18544
3232,11035]0,02556 0,07967 0,18525
3230,18188]0,02550 0,07964 0,18516
3228,25342]0,02547 0,07948 0,18495
3226,32495]0,02544 0,07939 0,18489
3224,39648]0,02536 0,07933 0,18475
3222,46802]0,02523 0,07922 0,18452
3220,53955]0,02524 0,07915 0,18453
3218,61108]0,02519 0,07904 0,18434
3216,68262]0,02510 0,07902 0,18421
3214,75415]0,02516 0,07900 0,18426
3212,82568]0,02502 0,07879 0,18407
3210,89722]0,02489 0,07873 0,18400
3208,96875]0,02496 0,07875 0,18391
3207,04028]0,02486 0,07861 0,18361
3205,11182]0,02474 0,07848 0,18348
3203,18335|0,02471 0,07840 0,18343
3201,25488]0,02470 0,07843 0,18335
3199,32642]0,02471 0,07843 0,18326
3197,39795]0,02464 0,07834 0,18301
3195,46948]0,02454 0,07825 0,18282
3193,54102]0,02454 0,07819 0,18286
3191,61255]0,02459 0,07818 0,18271
3189,68408]0,02452 0,07812 0,18242
3187,75562]0,02450 0,07808 0,18244
3185,82715]0,02450 0,07801 0,18235
3183,89868)0,02435 0,07786 0,18210
3181,97021]0,02423 0,07781 0,18199




3180,04175]0,02418 0,07779 0,18187
3178,11328]0,02414 0,07773 0,18182
3176,18481]0,02411 0,07763 0,18169
3174,25635]0,02399 0,07753 0,18144
3172,32788]0,02392 0,07748 0,18136
3170,39941]0,02397 0,07738 0,18124
3168,47095]0,02393 0,07730 0,18101
3166,54248]0,02384 0,07726 0,18095
3164,61401]0,02378 0,07715 0,18083
3162,68555|0,02372 0,07709 0,18063
3160,75708]0,02365 0,07705 0,18049
3158,82861]0,02357 0,07697 0,18034
3156,90015]0,02351 0,07688 