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RESUME

Au début du 21°™ siécle, la pollution par les métaux lourds des eaux souterraines et de surfaces,
continue de représenter un défi pour les autorités responsables de la protection de
I’environnement. Les rejets incontrolés de métaux et de métalloides dans les écosystémes comme
I’Ag, As, Be, Cd, Cr, Cu, Hg, Ni, Pb, Sb, Tl et Zn, constituent de graves menaces pour la santé
humaine et animale. Plusieurs méthodes de traitement des eaux contaminées par les métaux ont
été proposées au cours des derniéres décennies. Cependant, la technique de précipitation des
métaux reste 1’option la plus favorable, a 1’échelle industrielle, pour des raisons technico-
¢conomiques. Dans ce contexte, le présent projet de recherche a été entrepris pour développer un
outil informatique qui permet de prédire la spéciation chimique des métaux lors de la
précipitation chimique d’un effluent ayant une caractéristique donnée, tout en tenant compte des

normes de rejets a atteindre et des cotits totaux de traitement.

Dans un premier temps, les caractéristiques de déshydratation des boues (décantation, filtration
et centrifugation), générées a la suite du traitement par précipitation des solutions
monométalliques (0.02 mol/L), ont été évaluées. Les tests de précipitation effectués pour 15
différents métaux, ont donné des rendements d’élimination généralement comparables a ceux
prédits par le logiciel MINEQL+. La précipitation sous forme d’hydroxydes a pH 10.0 était la
technique la plus efficace pour I’élimination de huit ions (AI’", Cd*", Co*", Fe**, Fe’", Mg*",
Mn?*, Ni*"), alors que la précipitation sous forme de phosphates (4 pH 6.0 avec 1’addition de
0.0133 mol de PO,’/L) a donné des taux d’enlévement les plus élevés pour Ba*", Ca®*, Cr’". La
précipitation sous formes de sulfures (2 pH 7.0 en utilisant 0.02 mol S*/L) a été la technique de
précipitation la plus efficace seulement pour le Cu®* et Sn*', alors que la précipitation sous
formes de carbonates (a pH 8.0 en utilisant 0.02 mol COs*/L) a donné les meilleurs rendements
d’élimination pour Pb*". Les résultats ont montré également que les précipités de phosphates, ont
généralement les meilleures caractéristiques de déshydratation (indice de volume des boues
(IVB), capacité de filtration (CF), résistance spécifique a la filtration (RSF) et siccité (ST)) par
rapport aux carbonates, aux sulfures et aux hydroxydes. La précipitation par formation de

. . . , . + +
carbonates est particuliérement intéressante pour les solutions contenants Mn”" et Pb*".

Dans un deuxiéme temps, cette étude a exploré les caractéristiques de déshydratation des boues

générées a I’issue du traitement par précipitation de solutions multimétalliques équimolaires et
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de solutions synthétiques représentatives de drainages miniers acides (DMA). Les résultats ont
révélé que les propriétés de déshydratation des boues métalliques varient, en fonction de la
matrice utilisée (CI” ou SO4%), de I’agent précipitant et des métaux présents dans 1’effluent a
traiter. Des analyses aux rayons X (DRX) ont montré que les hydroxydes métalliques (pH 10.0)
et les phosphates métalliques (pH 7.0) sont de nature amorphe, donc difficile a déshydrater. Pour
ces deux méthodes de traitement, la substitution de la matrice chlorure par la matrice sulfate
améliore considérablement les propriétés de déshydratation (RSF = 6.60 x 10" et 2.35 x 10"
m/kg, respectivement pour les matrices chlorures et sulfates). Dans les cas des traitements par les
sulfures et les carbonates (a pH 8.0), les précipités obtenus sont respectivement de nature semi-
cristalline et cristalline et aucune influence significative sur les caractéristiques de déshydratation
n’a été détectée.

La troisiéme partie du projet a porté sur I’effet de trois matrices réelles sur les caractéristiques de
séparation solide-liquide des boues générées par les différentes techniques de précipitation, soit
un lixiviat de sol contaminé, un lixiviat de cendres d’incinération et un lixiviat de boues de
station d’épuration. Les valeurs de RSF obtenues suite a la filtration sous pression des précipités
de traitement du lixiviat de sol suivent 1’ordre croissant suivant: sulfures (4.3 x 10" m/kg) <
phosphates (6.4 x 10'> m/kg) < hydroxydes [Ca(OH),] (14.2 x 10'* m/kg) < hydroxydes [NaOH]
(19.7 x 10" m/kg) < carbonates (26.5 % 10" m/kg). Pour le traitement du lixiviat de cendres, les
résultats obtenus sont similaires et ce, quelque soit le mode de traitement utilisé; les valeurs de
RSF varient entre 5 et 7 x 10'> m/kg, alors que IVB est compris entre 39 et 50 mL/g. Les
meilleures caractéristiques de déshydratation des précipités issus du traitement du lixiviat de
boues d’épuration ont été obtenues par précipitation avec les phosphates (IVB = 180 mL/g et
SRF = 7.6 x 10'* m/kg). Dans tous les cas, la méthode de filtration sous pression [ST =11 & 73%
(p/p)] s’est avérée plus efficace que la centrifugation [ST =5 a 11% (p/p)] pour la déshydratation
des précipités métalliques.

Dans la derniére partie du projet un nouveau progiciel portant I’acronyme PITEM (Programme
Informatique de Traitement des Effluents Métalliques) a été développé pour la prédiction du
traitement des effluents métalliques par les techniques de précipitation. PITEM intégre, dans un
premier temps, un modéle de spéciation chimique se basant sur la méthode de constante
d’équilibre, afin de calculer les concentrations en métaux résiduelles et les types de précipités

métalliques formés. PITEM utilise les données thermodynamiques fournies par la base de
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données du logiciel MINEQL+ couplé avec le code informatique nommé EST (Equilibrium
system tool). PITEM inclut également un modéle mathématique pour la prédiction des
caractéristiques de déshydratation et de production de boues développé a partir des résultats
expérimentaux de cette thése, et un module économique pour I’évaluation du cofit total de
traitement par précipitation. PITEM est écrit en langage Visual Basic sous la plate-forme de
Microsoft EXCEL et il est congu sous forme d’outil informatique facile a utiliser a des fins

industrielles et/ou académiques.

Les résultats de simulation montrent que les valeurs de ST sont généralement en accord avec
celles obtenues expérimentalement. Le colit unitaire de traitement estimé par le programme pour
les quatre scénarios de traitement par précipitation, suit I’ordre ascendant suivant : carbonates
(NayCOs) < sulfures (NayS) < phosphates (NazPO4) < hydroxydes (NaOH). Dans les cas étudiés,
la neutralisation par les carbonates est apparue la technique la plus économique et ce, en raison

des bonnes caractéristiques de déshydratation des boues générées.

Cette ¢tude doctorale a permis, pour la premiére fois, de mettre au point un mod¢le informatisé
permettant a la fois de prédire 1’équilibre des especes chimiques en solution et des précipités
formés lors du traitement d’effluents métalliques, ainsi que de prédire le comportement de
déshydratation des boues métalliques. De plus, ce modele permet d’estimer les colits de
traitement de ces effluents et de gestion des boues métalliques, ce qui permet d’établir la
technique de précipitation a privilégier, selon la situation rencontrée (concentrations et types de
métaux en solution, normes en vigueur, colts des produits chimiques et de disposition des boues
métalliques). Ce modele simple d’utilisation facilite la prise de décision en ce qui a trait au choix

technologique en maticre de traitement des effluents pollués par les métaux toxiques.
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CHAPITRE 1

SYNTHESE






1. SYNTHESE

1.1 Introduction et problématique

La contamination de ’environnement par les métaux lourds est une conséquence directe du
progres technologique et industriel (Davydova 2005; Nriagu 1996; Nriagu et Pacyna 1988;
Wong et al. 2006). Le principal probléme associé a cette contamination d'origine anthropique est
la toxicité qui atteint tous les organismes vivants, en particulier, I'étre humain (Baath 1989;
Chapman et al. 2003; Florea et Biisselberg 2006; Galvin 1996; Sharma et Agrawal 2005). I1 est
donc essentiel d'¢liminer ou de réduire la présence de ces contaminants inorganiques dans les
eaux de surfaces et souterraines, en vue de réduire la possibilité d'absorption par les plantes, les
animaux et les humains, et l'accumulation éventuelle dans la chaine alimentaire (Kabata-Pendias

2001; McLaughlin et al. 2000).

Pour ces raisons, la recherche scientifique sur les métaux lourds a pris une ampleur croissante et
beaucoup de travaux ont ét€ menés au cours de ces derniéres décennies pour développer des
méthodes efficaces et peu colteuses pour le traitement des effluents ayant une contamination
inorganique (Blais etal. 1999; Kurniawan etal. 2006). Parmi les différentes technologies
développées, la précipitation chimique est de loin la méthode la plus commune pour
I’enlévement des métaux contenus dans les effluents industriels (Patterson et Minear, 1975;
Patterson etal. 1977; Cherry, 1982; Levasseur et al. 2005). Il s’agit en effet d’une méthode
simple et relativement économique pour traiter les effluents contaminés. D’une fagon générale, le
traitement des effluents industriels chargés en métaux par les techniques de précipitation

génerent habituellement des quantités considérables de résidus, ou boues métalliques, lesquels



sont souvent considérés comme étant des déchets dangereux. Les colits de traitement de ces

effluents ainsi que la gestion des boues métalliques générées peuvent étre importants.

La prise de décision en ce qui a trait a la mise en ceuvre de projets de traitement par précipitation
des effluents contaminés par des métaux nécessite une connaissance détaillée de la faisabilité
technico-économique des activités de traitement des effluents et de gestion des boues
métalliques. Avant d’en arriver a une décision définitive concernant le traitement d’effluents par
précipitation chimique, des études de préfaisabilité et de faisabilité technico-économique doivent
étre effectuées. Or, a I’heure actuelle, il n’existe pas d’outils informatiques de prédiction de
traitement d’effluents par précipitation tenant compte des normes a atteindre, des colts en

produits chimiques et des frais de gestion et de disposition des boues métalliques.

Dans ce contexte, le présent projet de recherche a été entrepris pour développer un outil
informatique écrit en langage Visual Basic sous Microsoft EXCEL. Le logiciel permet de prédire
la spéciation chimique des métaux lors de la précipitation chimique d’un effluent donné, tout en
tenant compte des normes a atteindre et des cofits totaux de traitement dans un procédé classique
de décontamination (produits chimiques, colts de traitement et de disposition des boues

métalliques générées lors de la précipitation, etc.).

Cette theése de doctorat a été divisée en six chapitres. Le premier chapitre « Synthése » présente
une revue bibliographique sur les diverses connaissances scientifiques associées a la
précipitation chimique des métaux, ainsi que les différents logiciels d’équilibres chimiques
disponibles. Ce premier chapitre comporte également une discussion générale sur les résultats les

plus importants de ce projet de doctorat.



Le deuxiéme chapitre est constitu¢ de [Darticle : Blais J.F., Z. Djedidi., R. Ben Cheikh.,
R.D. Tyagi et G. Mercier (2008) Metals precipitation from effluents- A review. Practice

Periodical Toxic Hazardous Radioactive Waste Management. 12(3), 135-149.

Ce premier article traite de maniere détaillée les caractéristiques spécifiques des contaminants
métalliques, de leur comportement et de leur élimination des effluents par les techniques de
précipitation. Une revue de I’effet des principaux métaux toxiques sur la sant¢ humaine a été
¢galement établie. Le troisiéme chapitre est constitué de ’article : Djedidi Z., J. Ben Khaled.,
R. Ben Cheikh., J.F. Blais., G. Mercier et R.D. Tyagi (2009) Comparative study of dewatering
chracteristics of metal precipitates generated during treatment of monometallic solutions.

Hydrometallurgy. 95, 61-69.

Dans cet article les caractéristiques de déshydratation des boues (décantation, filtration et
centrifugation), générées a la suite du traitement par précipitation des solutions monométalliques
ont été évaluées et ces informations ont, par la suite, été intégrées au programme PITEM pour la

prédiction de la production de boues métalliques

Le quatrieme chapitre regroupe ’article : Djedidi Z., M. Bouda., M.A. Souissi, R. Ben Cheikh.,
G. Mercier., R.D. Tyagi et J.F Blais (2009) Comparative study of dewatering characteristics of
metal precipitates generated during treatment of synthetic polymetallic and AMD solutions.

Hydrometallurgy. 98(3-4), 247-256.

Dans cette partie du projet, les caractéristiques de déshydratation, exprimées en termes de
décantation, filtration et centrifugation, des boues générées a I’issue du traitement par
précipitation des solutions multimétalliques et des drainages miniers acides synthétiques, ont été
évaluées dans cette étude. Ces résultats expérimentaux ont permis de valider les prédictions

obtenues par le progiciel PITEM pour le traitement d’effluents multimétalliques synthétiques.Le
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cinquieme chapitre est constitué¢ de D’article : Djedidi Z., M. Bouda., M.A. Souissi., R. Ben
Cheikh., G. Mercier., R.D. Tyagi et J.F Blais (2009) Metals removal from soil, fly ash and
sewage sludge leachates by precipitation and dewatering properties of the generated sludge.

J. Hazard. Mater. 172 (2-3), 1372-1382.

Cette ¢tude concerne le traitement par précipitation de trois lixiviats acides (lixiviat de sol,
lixiviat de cendre d’incinérateur et lixiviat de boues de station d’épuration) contaminés par les
métaux lourds et ce, en utilisant une variété d’agents précipitants. Les caractéristiques de
déshydratation des boues générées ont été également étudiées dans cette partie du projet et les
résultats obtenus ont, ensuite, été utilisés pour valider les prédictions du modéle dans le cas du

traitement de lixiviat de sol

Le sixiéme chapitre comprend I’article : Djedidi Z., M. Bouda, R. Ben Cheikh, J.F. Blais, G.
Mercier et R.D. Tyagi (2009) Development of a new chemical equilibrium and techno-economic
model for the treatment of metal-polluted effluents by precipitation. Hydrometallurgy. (soumis le

23 juin 2009).

Ce dernier article décrit le nouveau progiciel informatique portant 1’acronyme PITEM
(Programme Informatisé¢ de Traitement des Effluents Métalliques) qui a été développé pour la

prédiction du traitement des effluents métalliques par les techniques de précipitation.



1.2 Revue de littérature

De nombreux travaux de recherche ont été réalisés aux cours des derni¢res décennies afin de
développer des procédés efficaces et peu coliteux pour traiter les effluents chargés en métaux
(Blais et al. 1999; Kurniawan et al. 2006). Le Tableau 1.1 regroupe les principales technologies

utilisées ou proposées pour I’enlévement des métaux toxiques de ces effluents.

Les métaux peuvent étre éliminés par précipitation sous formes d’oxydes/hydroxydes, sulfures,
carbonates et phosphates. Des agents de précipitation sélectifs ont également été développés au
cours de ces derni¢res années pour le traitement de certains types d’effluents (Andrus 2000).
Dans certain cas, les réactions d’oxydo-réduction peuvent également intervenir pour la
précipitation de certains métaux, comme le chrome et Darsenic. Des procédés de
décontamination des effluents industriels utilisent également des microorganismes pour
récuperer les métaux sous formes de précipités. D’autres techniques comme la coagulation et/ou
la floculation peuvent é&tre associées a la précipitation chimique pour améliorer les
caractéristiques de déshydratation des flocs métalliques générés. La déshydratation mécanique
des boues est la séparation entre les phases solide et liquide (S/L) et elle est qualifiée
généralement en termes de capacité de décantation, de filtration (filtre-presse) et de

centrifugation.

Parmi les technologies de traitement développées jusqu’a nos jours, la précipitation reste de loin
la méthode la plus utilisée pour I’enlévement des métaux des eaux souterraines, des eaux de
surface et des effluents industriels (FRTR 2005; Levasseur et al. 2005; Mirbagheri et Hosseini

2004).



Tableau 1.1

Technologies de traitement des effluents pollués par les métaux

Technologies

Exemples

Références

Précipitation chimique

Bioprécipitation

Echange d’ion

Adsorption

Biosorption

Séparation physique

Séparation
électrochimique

Extraction par solvant

Flotation

Cémentation

Précipitation par formation d’hydroxydes,
carbonates, sulfures ou phosphates, réactions
d’oxydo-réduction

Marais artificielles, bioréacteurs (bactéries
sulfato-réductrices)

Résines synthétiques (comportant des
groupements sulfonique, carboxylique,
thiocarbamate, thiols, hydroxyle, amine),
résines échangeuses de chélates (comportant
des groupements phosphoniques,
aminophosphonique, iminodiacétique ou
oxime), résine imprégnée de solvant (DEHPA,
PEIMPA), matériaux naturels (z€olite, argile)

Charbon actif granulé (GAC), alumine activée,
lignine, chitosane, alginate, zéolite, argile,
cendres volantes, tourbe, laine, cotton, oxydes
naturels

Déchets agro-industriels (fruits, coque de
céréales, écorces), biomasses de foresterie
(écorce et sciure de bois), algue, bactérie,
champignon, plantes terrestres et aquatiques
(phytofiltration ou phytoaccumulation), boues
de station d’épuration, levure

Microfiltration, ultrafiltration, nanofiltration,
osmose inverse, pervaporation membranaire,
distillation

Electrocoagulation, électrodéposition,
électrodialyse, peroxydation électrochimique

Bis-(2-ethyl-hexul)phosphoric acid (D2EHPA),
acide bis-(2,4,4-trimethylpentyl)-phosphonique,
hydroxyoximes, tri-n-octylmethylammonium

Flottation a air dissout (DAF)

Fer, aluminium

Baltpurvins et al. (1996a,b, 1997);
Couillard et Mercier (1992);
USEPA (2000)

Robinson et Sum (1980)

Kaksonen et al. (2003);
Mack et al. (2004);
Maine et al. (2006);
VanRoy et al. (2006)

Dabrowski et al. (2004);
Juang et al. (2003)

Lin et al. (2000);
Mondal et Das (2004)

Bailey et al. (1999);

Babel et Kurniawan (2003);
Wang et al. (2003);
Wingenfelder et al. (2005)

Al-Asheh et Duvnjak (1999);
Gardea-Torresdey et al. (2004);
Kamal et al. (2004);

Kapoor et Viraraghavan (1995);
Kurniawan et al. (2006);
Romera et al. (2006)

Ben Frares et al. (2005);
Brooks (1986);
DiPalma et al. (2003);
Lin et al. (2004)

Arienzo et al. (2001);
Djedidi et al. (2005);
Juang et Wang (2000);

Lai et Lin (2006);

Meunier et al. (2004, 2006)

Belkhouche et al. (2005);
Lin et al. (2002);
Silva et al. (2005)

Aldrich et Feng (2000);
Doyle (2003);
Lazaridis et al. (2001);
Zamboulis et al. (2004)

Brooks (1991);
Hayes (1985);
Nelson et al. (2000)
USEPA (1992)




1.2.1 Hydroxydes de métaux

La méthode de précipitation qui demeure la plus courante pour éliminer les métaux des eaux
usées consiste a les précipiter sous forme d’hydroxydes. La procédure habituelle est I’ajout de
produits chimiques, tels que la chaux (CaO ou Ca(OH);), Mg(OH),, NaHCO;, Na,COs3,
(NH4)2CO3, NaOH et NH4OH. La Figure 1.1 montre un schéma simplifié¢ d’un procédé type de
précipitation, incluant la formation et la séparation S/L par décantation. L hydroxyde de sodium

(NaOH) étant I’agent de précipitation utilisé et les contre-ions choisis sont les chlorures.

Affluent a
traiter

Mz CI Cr
Mz CI Cr
Mz CI Cr

M(CH), s
M(CH), s
Na* CI
Na" CI

\ 4

v

E Effluent traité

Solution

alcaline
M(OH), s
M(OH), s
Résidu
métallique

Figure 1.1 Schéma simplifié du principe de D’enlévement des métaux par précipitation sous forme
d’hydroxydes



D’un point de vue chimique, la précipitation est un phénomeéne complexe résultant de 1’induction
des conditions de sursaturation. Plus simplement, elle peut étre décrite selon trois étapes : 1) la

nucléation ou germination, 2) la croissance cristalline et 3) la floculation (Patterson 1988).

La nucléation a été étudiée par plusieurs auteurs et ce, essentiellement dans le cas de
I’¢limination du fer et du zinc contenus dans les drainages miniers acides (DMA) (Zinck et Aubé
1998). La nucléation ou germination correspond a I’apparition du premier germe par
condensation des sels métalliques, puis a la croissance de ce dernier jusqu’a Datteinte des

conditions de sursaturation et la formation de phase solide (Duan et Gregory 2003).

Les métaux solubles peuvent étre récupérés sous formes d’hydroxydes selon I’Equation 1.1 par
I’intermédiaire de plusieurs réactifs alcalins, comme (CaO ou Ca(OH),;), Mg(OH),, NaOH et
NH4OH (Kurniawan 2006; Meunier et al. 2002, 2006; Mirbagheri et Hosseini 2004; Viadero

et al. 2006).

Equation1.1  M*' +2(OH) < M(OH),|

La précipitation des métaux sous forme d'hydroxydes peut étre également obtenue par utilisation
de sous-produits alcalins, tels que les cendres volantes provenant des incinérateurs (Gitari et al.

2006).

Le minimum de solubilité¢ de la majorité des hydroxydes métalliques est atteint a des pH compris
entre 9.5 et 10.0 (Charerntanyarak 1999; Dyer et al. 1998). Généralement, les métaux tels que

Cd, Co, Cu, Mn, Ni, Pb et le Zn précipitent sous forme d’hydroxydes a des pH supérieurs a cinq,
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fournissant des possibilités de séparation des ions ferriques (Fe*"), qui précipitent a leur tour a

des pH inférieur a quatre (Brooks 1986; Hayes 1985).

Le Tableau 1.2 présente les valeurs de constantes de produits de solubilité (pKs) de quelques
hydroxydes métalliques. Généralement, la formation de ces hydroxydes métalliques est
accompagnée par des phénomenes d’adsorption et/ou de coprécipitation contribuant a
I’amélioration du taux d’élimination des métaux (Blais et al. 1999; Chu 1999; Couillard et
Mercier 1992; Marchioretto et al. 2005). Au cours d’une précipitation, les cyanures peuvent
causer des interférences, tandis que les agents de chélation comme I’EDTA ou la NTA, inhibent

I’élimination des métaux (Lin et al. 1998).

L’utilisation de la chaux lors du traitement des effluents acides et trés chargés en sulfates comme
les DMA, impliquent la formation d’une boue secondaire constituée essentiellement de gypse
(CaS04.2H,0). Cette boue secondaire peut augmenter considérablement les cofits de transport et
de gestion des déchets solides générés (Baltpurvins et al. 1997; Jiittner et al. 2000), et peut
¢galement influencer d’une fagon significative les parameétres de déshydratation ou de séparation
S/L (Blais et al. 1999; Viadero et al. 2006). Pour ces raisons, le traitement de ce type d’effluent
est conseillé en utilisant des agents alcalins de précipitation comme NaOH ou NH4OH qui

forment des sous produits solubles (complexes).
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Tableau 1.2 Constantes des produits de solubilité des hydroxydes métalliques

Meétaux Etat d’oxydation  Réactions pK,
Aluminium (34) Al(OH); (alpha) <> 3 OH® + AI®" 33.5
Antinoine (34 Sb(OH); <> 3 OH + Sb©" 49.1
Baryum (2+) Ba(OH), <> 2 OH" + Ba®" 23
Béryllium (24) Be(OH), (alpha) <> 2 OH” + Be®" 21.1
Cadmium (2+) Cd(OH), < 2 OH® + Cd*” 13.6
Calcium (2+) Ca(OH), (portlandite) <> 2 OH® + Ca®" 53
Chrome 2+ Cr(OH), <> 2 OH® + Cr*" 17.2
(34 Cr(OH); <> 3 OH + Cr®" 30.2
Cobalt (2+) Co(OH), < 2 OH® + Co*" 14.8
(34 Co(OH); <> 3 OH® + Co®" 443
Cuivre (14) Cu(OH) < OH® + Cu®™ 14.7
(2+) Cu(OH), < 2 OH® + Cy®” 18.6
Fer 2+ Fe(OH), & 2 OH" + Fe®” 15.1
(3+) Fe(OH); <> 3 OH® + Fe®®” 374
Mercure (14) Hg,(OH), <> 2 OH” + Hg,*" 23.7
2+ Hg(OH), & 2 OH" + Hg®" 254
Plomb (2+) Pb(OH), <> 2 OH® + Pb®" 16.1
Magnésium (2+) Mg(OH), < 2 OH® + Mg®” 10.8
Manganése 24 Mn(OH), <> 2 OH® + Mn®" 12.7
Nickel (2+) Ni(OH), < 2 OH” + Ni®" 14.7
Argent (14) Ag(OH) <> OH" + Ag™ 7.7
Thallium (1+) TIOH < OH® + TI® 1.1
(34 TI(OH); <> 3 OH® + TI®" 452
Etain (2+) Sn(OH), < 2 OH” + Sn®" 28.1
4+ Sn(OH), <> 4 OH® + Sn*" 56.0
Zinc (2+) Zn(OH), < 2 OH” + Zn®") 15.7

1.2.2 Sulfures de métaux

La précipitation des métaux sous formes de sulfures (Equation 1.2) est obtenue en utilisant Na,S,
NaHS, H,S ou FeS comme agents de précipitation (Al-Tarazi et al. 2004; Marchioretto et al.

2005; Robinson et Sum 1980;Veeken et Rulkens 2003).

Equation 1.2 M* + 8 & MS|
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Il est cependant nécessaire, dans le cas de traitement des effluents acides, de procéder a une
premiere neutralisation par une base (NaOH) avant I’ajout des sels de sulfures (Charerntanyarak
1999). Cette étape étant nécessaire pour éviter le dégagement de gaz toxiques (H,S), dans la
gamme des pH acides. Dans le cas ou le fer ferrique (Fe III) et I’aluminium (Al III) sont présents
dans I’effluent, la coprécipitation et I’adsorption des métaux (comme le Cr, Pb et le Zn) peuvent
avoir lieu sur Fe(OH); et AI(OH); qui possédent généralement des structures amorphes

(Marchioretto et al. 2005).

Le Tableau 1.3 donne les différentes valeurs de pKs de quelques sulfures métalliques. D’une
facon générale, les sulfures métalliques montrent des solubilités inférieures a celles des
hydroxydes. Les sulfures métalliques sont généralement stables et ce, dans une large gamme de

pH (Islamoglu et al. 2006).

Il est a noter que la précipitation des métaux sous forme de sulfures présente des avantages par
rapport a celle des hydroxydes : 1) la concentration résiduelle des métaux dans les effluents est
de I'ordre de pg/ L (mg/L pour les hydroxydes); 2) I’interférence des agents de chélation
(EDTA, NTA, etc) dans les eaux usées est moins significative; 3) la précipitation donne une
meilleure sélectivité; 4) des taux d’¢élimination des métaux ¢€levés obtenus pour des temps de
rétention hydrauliques (TRH) assez bas; 5) dans la majorité des cas, les boues générées montrent
des propriétés d’épaississement et de déshydratation meilleures que celles des boues
d’hydroxydes; 6) les sulfures métalliques peuvent Etre traités dans les fonderies pour la

récupération des métaux de base (Kim et Amodeo 1983; Kim et al. 2002).
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Tableau 1.3 Constantes des produits de solubilité des sulfures métalliques

Meétaux Etat d’oxydation Reactions pK
Baryum (24 BaS < Ba®" + §® 3.3
Béryllium 2+ BeS — Be®" + §&) -6.5
Cadmium (2+) CdS (greenockite) <> Cd*" + S*) 26.1
Cobalt (2+) CoS (alpha) <> Co®" + §&) 20.4
Cuivre (14) Cu,S 2 Cu™M + 8@ 47.6
2+ Cus (covellite) <> Cu®? + 8* 35.2
Fer (2+) FeS < Fe®" + 8@ 17.2
(34) Fe,S; <> 2 Fe®Y +3 §@) 85.0
Mercure (1+) Hg,S < Hg,*" + 8* 47.0
(2+) HgS (cinnabar) <> Hg®" + S®) 524
Plomb (24 PbS (galéne) <> Pb@" + §&) 27.0
Manganése 2+ MnsS (rose) <> Mn®" + §&) 9.6
2+ MnS (vert) <> Mn*" + §@ 12.6
Nickel (2+) NiS (alpha) < Ni®" + §@ 18.5
(24) NiS (gamma) < Ni" + §@) 25.7
Argent (1+) Ag;S (acanthite) < 2 Ag™ + §@) 492
Thallium (1+) TLS < 2 TIV + 8@ 20.1
Etain (24) SnS « Sn®? +8*) 25.0
(4+) SnS, <> Sn™*? +2 §&) 70.0
Zinc (2+) ZnS (sphalérite) <> Zn®" + S@ 23.0
(2+) ZnS (wurtzite) <> Zn®" + 8> 243

1.2.3 Carbonates de métaux

Les carbonates, comme Na,COj; et CaCOs, peuvent étre également utilisés pour la neutralisation
et la précipitation des métaux (Guillard et Lewis 2002; McAnally et al. 1984; Preis et Gamsjager
2001; Sun et Huang 2002). La réaction des ions carbonates avec les ions métalliques divalents

est donnée par I’Equation 1.3.

Equation 1.3 M* + (CO3)* < M(CO3)|
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Le Tableau 1.4 présente les valeurs de pKs de quelques carbonates métalliques. La majorité des

carbonates ont une plus grande solubilité que les hydroxydes métalliques.

Tableau 1.4 Constantes des produits de solubilité des carbonates métalliques
Meétaux Etat d’oxydation Réactions pK
Baryum (2+) BaCOs (witherite) <> Ba®" + CO;* 8.6
Cadmium 2+ CdCO; (otavite) <> Cd*" + CO,*) 12.0
Calcium (2+) CaCO; (calcite) <> Ca®" + CO,* 8.5
(2+) CaCO; (aragonite) < Ca®” + CO,* 8.3
Cobalt (24 CoCO; > Co®" + CO,® 10.0
Cuivre 2+ CuCO;— Cu®" +CcOos® 11.5
Fer (2+) FeCO; (sidérite) < Fe®” + CO,® 10.2
Mercure (14) Hg,CO5 < Hg,*" + CO,® 16.1
Plomb (24) PbCO; (cerrusite) <> Pb?" + CO;* 13.1
Magnésium (2+) MgCO; (magnésite) <> Mg®" + CO,* 7.5
(2+) MgCO;.3H,0 < 3 H,0 + Mg®" + CO,® 47
Manganése (24 MnCO; (thodochrosite) <> Mn®” + CO;* 10.6
Nickel (2+) NiCO; < Ni®? + C0,*) 6.9
Argent (1+) Ag,CO; o 2 Ag® + CO,® 11.1
Thallium (1+) TLCO; > 2 T + CO,*) 3.8
Zinc (2+) ZnCO; (smithsonite) <> Zn*" + CO;* 10.0
(2+) ZnCO;.H,0 < H,0 + Zn®" + CO,*) 10.3

1.2.4 Phosphates de métaux

Bien que rarement pratiqué, il est possible d’enlever les métaux divalents en solution par le biais
de la formation de phosphates métalliques insolubles tel que le décrit a 1’Equation 1.4

(Mavropoulos et al. 2002; Naeem et al. 2003; Pigaga et al. 2002).

Equation 1.4 3 M*" +2 (POy)* & M3(PO,),|

15



L’addition de sels ou de minéraux de phosphates (apatite et hydroxyapatite) est une technique
qui a été prouvée fiable pour I'immobilisation des métaux dans les sols et les déchets (Bolan

et al. 2003; McGowen et al. 2001; Porter et al. 2004).

Le Tableau 1.5 présente les valeurs de pKs de quelques phosphates métalliques. Généralement,

les phosphates métalliques présentent des solubilités inférieures a celles des hydroxydes.

Tableau 1.5 Constantes des produits de solubilité des phosphates métalliques
Meétaux Etat d’oxydation  Réactions pK
Aluminium (34 AIPO, — AI®Y + PO, 22.5
Baryum (2+) Ba;(PO,), < 3 Ba®"” + 2 PO,*) 293
Béryllium (2+) Be;(POy), < 3 Be“” +2 PO, 38.6
Cadmium (24 Cd3(PO,), — 3 Cd*? +2 PO, 32.6
Calcium (2+) Cas(PO,), (beta) <> 3 Ca®? +2 PO, 28.9
(2+) CaHPO, > H" + Ca®"? + PO, 19.3
2+ CaHPO,.2H,0 < 2 H,0 + H"+ Ca®"” + PO, 19.0
Cobalt (2+) Co3(PO,), > 3 Co®? +2 PO, 34.7
(24) CoHPO, — H" + Co®” + PO, 19.1
Cuivre (24 Cus(PO,), < 3 Cu®? +2 PO, 36.9
(24) Cus(PO,),.3H,0 <> 3 H,O + 3 Cu®” +2 PO, 35.1
Fer (24 Fey(PO,), < 3 Fe®” +2 PO, 36.0
(2+) Fe;(PO,),.8H,0 < 8 H,0 + 3 Fe®” + 2 PO, 36.0
(34) FePO, < Fe®? + PO, 25.8
(34) FePO,.2H,0 < 2 H,0 + Fe®" + PO, 26.4
Mercure (1+) Hg,HPO, — H" + Hg,*" + PO, 24.8
Plomb (24 Pby(PO,), <> 3 Pb®” +2 PO, 435
2+ PbHPO, — H" + Pb*" + PO, 23.8
(2+) 4 s
Magnésium (2+) Mg3(POy), > 3 Mg®? +2 PO, 233
(2+) MgHPO,.3H,0 « 3 H,0 + H + Mg®” + PO, 18.2
Manganése (2+) Mg3(POy), <> 3 Mg®"” +2 PO, 23.8
(2+) MnHPO, — H® + Mn®” + PO,*) 254
Nickel (2+) Ni3(PO4), > 3 Ni®" +2 PO, 313
Argent (14) Ag;PO,— 3 Ag™ + PO, 17.6
Zinc (2+) Zny(POy), > 3 Zn®" + 2 PO, 35.4
(2+) Zny(PO4),.4H,0 < 4 H,0 + 2 PO, + 3 Zn®" 35.4
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1.2.5 Agents sélectifs de précipitation

Plusieurs agents sélectifs de précipitation ont été développés au cours de ces derniéres années
pour la récupération des métaux divalents et monovalents contenus dans les effluents. Les agents
de chélation les plus étudiés actuellement sont les dithiocarbamates (DTC) et leurs dérivées,
lesquels ont été bien décrits par plusieurs auteurs (Andrus 2000; Fu et al. 2006; Matlock et al.
2002). Les agents de chélation se divisent en deux catégories : les macromolécules et les petites

molécules.

La premiére catégorie inclut les xanthates (Chang et al. 2002), dichloro-éthyléne dithiocarbamate

d’ammonium polymérisé ou polydialkylaminedithiocarbamates.

Les petits agents moléculaires sont commercialisés sous deux formes, le diéthyldithiocarbamate
(DDTC, (C,Hs),NCS;Na.3H,0) (Andrus 2000) et le diméthyldithiocarbamate (DMTC,
(CH3),NCS;Na.2H,0) (Andrus 2000; Fu et al. 2006). Un des plus connus est le 2.4,6-
trimercapto-1,3,5-triazine (TMT) (Na3S;C;N3.9H,0) fabriqué par Degussa (Matlock et al. 2001).

Cet agent précipitant réagit avec les ions divalents selon I’Equation 1.5 :

Equation 1.5 2 (S3C3N3)* + 3 M* — M;(S3C3N3),|

Cet agent de chélation peut €tre utilis€ pour précipiter les ions comme Ag(+), Cd(2+), Hg(+),
Hg(2+), TI(+), Pb(2+) et Zn(2+) contenus dans les effluents industriels et les eaux naturelles

contaminées (Henke et al. 2001).
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Un autre agent spécifique de précipitation des métaux divalents est le Thio-Red®, qui est
synthétisé par ETUS Inc. Cet agent de précipitation contient du thiocarbamate de potassium ou

de sodium (TCS) ([Na,K],CS5.nH,0) (Henke 1998; Matlock et al. 2002).

Les précipités de thiocarbamates métalliques (MCSs, ou M = Cd(2+), Cu(2+), Ni(2+), Pb(2+),

Zn(2+) et autres ions métalliques divalents), se forment conformément a 1’Equation 1.6:

Equation 1.6  CS;* + M** — MCS;|

Récemment, un procédé de précipitation par polymérisation a été proposé par Fu et al. (2006,
2007). Cette approche consiste a 1’utilisation de deux groupements dithiocarboxyliques ayant des
caractéristiques de chélation. Il s’agit du disodium N,N’-bis-(dithiocarboxy)piperazine (Na,BDP)

((CH2)4(NCS;Na),.6H,0), qui sert essentiellement a précipiter le cuivre et le nickel en solution.

Le dipropyl dithiophosphate a été proposé par Ying et Fang (2006) comme un autre agent
potentiel de précipitation des métaux. L’équation de la réaction de cette molécule (ex. dipropyl
dithiophosphate de potassium (DDP)) avec les métaux lourds comme le plomb, le cadmium, le

mercure et le cuivre est la suivante :

Equation 1.7 2 C6H1402PS2K + 1\/[2+ — C12H2804P2S4Ml +2 I(Jr

Les principaux avantages de I’utilisation de ces agents sélectifs de précipitation sont : 1) la
formation d’un précipité métallique ayant une trés faible valeur de solubilité. 2) une production

de résidu métallique inférieure a celle produite lors de 1’utilisation des agents de précipitation
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usuels comme ’hydroxyde de sodium ou la chaux. Cependant, le colit élevé de ces réactifs

empéche leur utilisation fréquente pour des applications industrielles (Meunier et al. 2002).
1.2.6 Oxydation et réduction des métaux

Les techniques d’oxydation et de réduction peuvent également éEtre utilisées pour la
décontamination et la diminution de la mobilité des métaux contenus dans les eaux souterraines
(Evanko et Dzombak 1997). Le permanganate de potassium, le peroxyde d’hydrogéne,
I’hypochlorite ou le chlore gazeux peuvent é&tre utilisés pour déclencher des réactions
d’oxydation, alors que les réactions de réduction sont induites suite a 1’ajout de métaux alcalins
comme le sodium, le dioxyde de soufre, les sulfites et le sulfate ferreux (Vanbroekhoven et al.
2005). L’oxydation est une approche utilisée notamment pour 1’é¢limination de 1’arsenic, puisque
la forme oxydée (As’") est moins soluble et mobile que la forme réduite et trivalente (As®")
(Jiang 2001; Liest et al. 2000). La forme pentavalente (As ") peut notamment étre précipitée par
formation d’arséniate ferrique (Williams et Silver 1984). Inversement, le chrome hexavalent
(Cr™") doit souvent étre réduit dans sa forme trivalente (Cr’") pour étre aisément précipité sous
formes d’hydroxydes ou d’autres phases solides (Avudainayagam et al. 2003; Sulzbacher et al.

1997).
1.2.7 Bioprécipitation

Les effluents possédant une contamination inorganique peuvent étre traités par voie biologique,
ou les métaux sont précipités sous 1’action des microorganismes (Moller et al. 2004). Cette voie
de dépollution inclut les systémes passifs de marécages artificiels (Maine et al. 2006; VanRoy

et al. 2006), ou les réacteurs biologiques contenant des microorganismes réducteurs de sulfates
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(Barnes et al. 1994; Kaksonen et al. 2003; Mack et al. 2004; White et al. 1998; Wildeman et al.

1995).

La technologie des marécages artificiels a été tres utilisée fréquemment au cours de ces dernieres

décennies pour le traitement des DMA (Sheoran et Sheoran 2006; USEPA 1993).
1.2.8 Procédés hybrides

Des agents de coagulation comme les sels d’aluminium et de fer ferrique sont souvent ajoutés
pour favoriser la séparation S/L (Duan et Gregory 2003; Licskd 1997). Pour augmenter la taille
des flocs, la coagulation est suivie d’une floculation des particules instables (Semerjian et Ayoub
2003). Des polymeéres organiques qui sont synthétisés a partir du polyacrylamide modifié sont
souvent utilisés pour cette étape de floculation (Chang 1995; Charerntanyarak 1999; Viadero
et al. 2006). Des polymeéres cationiques a base de fer et d’aluminium sont également utilisés et
sont disponibles sur le marché (Andrus 2000). Les polymeéres cationiques comme le
polyethyleneimine (PEI) et des polymeéres anioniques comme son dérivé phosphonomethylé
(PPEI), peuvent étre employés pour la précipitation et la récupération des métaux lourds
(Navarro et al. 2005). Le PEI est également utilisé comme un complexant pour les métaux pour

améliorer 1’étape de 'ultrafiltration (Geckeler et Volchek 1996).

Finalement, les techniques de précipitation peuvent étre couplées a des procédés d’adsorption
(Naeem et al. 2003; Nielsen et al. 1997), membranaires (DiPalma et al. 2003) et échangeurs
d’ions (Papadopoulos et al. 2004), pour améliorer 1’efficacité du procédé dans 1’¢limination des

métaux des effluents contaminés.
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1.3 Modélisation informatique des équilibres chimiques

De nombreux programmes informatiques ont été développés pour prédire la spéciation des
métaux dans les eaux naturelles, les lixiviats de sol, les solutions synthétiques et les effluents
industriels (Baltpurvins 1996b; Chaston et al. 1996; Del Piero et al. 2006; Suarez et Goldberg
1994). Une liste des différents programmes informatiques de spéciation des métaux est donnée
au Tableau 1.6. Ces modéles peuvent étre utilisés pour obtenir de bonnes approximations de la
concentration résiduelle des ions libres, des formes complexes ainsi que les masses de solides
formés lors de différents scénarios de précipitation ou de lixiviation (Accornero et al. 2005; Apul
et al. 2005; Gomez del Rio et al. 2006; Ettler et al. 2006; Halim et al. 2005). La majorité de ces
modeles thermodynamiques d’équilibre chimique sont malheureusement congus a des fins
spécifiques (Mattigod 1995). Les connaissances sur les caractéristiques de déshydratation des
précipités métalliques issues de 1’expérimentation doivent étre couplées aux modeles de
spéciation chimique pour esperer avoir une bonne évaluation de la performance technico-
¢conomique lors du traitement des effluents métalliques par les divers techniques de précipitation

(Djedidi et al. 2009 a,b).
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Tableau 1.6

Programmes informatisés de spéciation des métaux

Programmes Références Sites Web

AQUACHEM Korfali et Davies (2004) http://www.flowpath.com/software/aquachem/aquachem_ov.htm

CHEAQS/GECHEQ  Romero et Joensson (2005) http://home.tiscali.nl/cheaqs/

CHEMEQL Miiller (1996) http://www.eawag.ch/research/surf/forschung/chemeql.html

JCHESS/CHESS Van der Lee et De Windt (2000) http://chess.ensmp.fr/

CSMC Tauler et Casassas (1988)

EQ3/6 Wolery (1992); http://www.lInl.gov/IPandC/technology/software/softwaretitles/e
Wolery et Daveler (1992) q36.php

ESTA May et al. (1985)

FITEQL Westall (1982) http://www.lwr.kth.se/forskningsprojekt/MoW/fiteql.htm

GEOCHEM Sposito et Matigod (1977, 1980)

HYDRAQL Papelis et al. (1988)

HYPHEN Gans et al. (1996)

HYSS Alderighi et al. (1999) http://www.chim1.unifi.it/group/vacsab/hyss.htm

IONPAIR Tharilkill (1970)

JESS May et Murray (1991a,b) http://jess.murdoch.edu.au/jess/jess_home.htm

MICROQL Westall (1979) http://www.polyql.ethz.ch/

MINEQL+ Westall et al. (1976) http://www.mineql.com/

MINTEQ/ Allison et al. (1991); Felmy et al. http://epa.gov/ceampubl/mmedia/minteq/index.htm

MINTEQA2/ (1984); HydroGeoLogic (1998a,b)

PRODEFA2

VISUAL MINTEQ Romero et Joensson (2005) http://www.lwr.kth.se/english/OurSoftware/Vminteq/index.htm

NETPATH Plummer et al. (1991, 1994) http://water.usgs.gov/software/netpath.html

PHREEQC Parkhurst et Appelo (1999) http://wwwbrr.cr.usgs.gov/projects/ GWC_coupled/phreeqc/

PHREEQE Parkhurst et al. (1980) http://www.nea.fr/abs/html/nesc9674.html

PHRQPITZ Plummer et al. (1988) http://water.usgs.gov/software/phrqpitz.html

RAMASES Leung et Darvell (1990)

REDEQL2 McDuff et Morel (1973)

SOILCHEM Sposito et Coves (1988) http://www.cnr.berkeley.edu/~ayang/soilchem.html

SOLMNEQ.88/ Kharaka et Barnes (1973);

SOLMNEQ Kharaka et al. (1988);
Savage (1986)

SPECIES Barak (1990) http://www.soils.wisc.edu/~barak/species.htm

TRANSPEC Bhavsar et al. (2004)

WHAM/MODEL VI Meers et al. (2006); http://windermere.ceh.ac.uk/aquatic_processes/wham/index.html
Tipping (1998)

WATEQ4F/WATEQ  Ball (1987, 2002); http://wwwbrr.cr.usgs.gov/projects/ GWC_chemtherm/software.h
Truesdell et Jones (1974) tm

WINHUMIC V Romero et Joensson (2005) http://www.lwr kth.se/english/OurSoftware/WinHumicV/index.h

tm
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1.4 Hypothéses de travail et objectifs de recherche

1.4.1 Hypothéses et objectif principal

Les hypothéses de recherche ont été établies a partir de I’analyse de la documentation
scientifique spécifique au projet de recherche. Le traitement des effluents industriels acides
chargés en métaux par les techniques de précipitation génerent habituellement des quantités
considérables de résidus, ou boues métalliques, lesquels sont souvent considérés comme étant
des déchets dangereux. Les colits de traitement de ces effluents et de disposition des boues
métalliques peuvent étre importants. Or, a I’heure actuelle, il n’existe pas d’outils permettant de
prédire quel serait le réactif de précipitation le plus performant sur le plan technico-économique,
tenant compte des caractéristiques des effluents, des normes a atteindre, des cofits de disposition
des boues métalliques, etc. L hypothése sous jacente a ce projet et, par conséquent, I’objectif
central de celui-ci réside dans la possibilit¢ de développer un modéle predictif permettant de
définir les conditions optimales de précipitation des métaux, pour minimiser les colts de
traitement des effluents et de disposition des boues métalliques, tout en respectant les normes a

satisfaire en ce qui concerne la qualité des effluents.
1.4.2 Objectifs spécifiques de recherche

Les objectifs spécifiques ciblés pour I’atteinte de 1’objectif principal peuvent étre définis de la

maniére suivante :

1. Mettre au point, a partir d’expérimentations au laboratoire, une base de données concernant
la production de boues métalliques suite au traitement de diverses solutions monométalliques
acides et ce, par précipitation pour former des hydroxydes, des phosphates, des sulfures ou

des carbonates métalliques;
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Etudier les caractéristiques de déshydratation des précipités monométalliques et ce, par

décantation (IVB, ST), filtration sous pression (RSF, CF, ST) et par centrifugation (ST);
Etudier I’effet de la matrice (Cl” versus SO42) en terme de concentrations résiduelles en

métaux suite au traitement de solutions multimétalliques par les diverses méthodes de
précipitation (hydroxydes, phosphates, sulfures ou carbonates) et comparaison par rapport

aux résultats de simulations du logiciel de spéciation MINEQL+;
Etudier I’effet de la matrice (CI” versus SO4?) sur les propriétés de déshydratation

mécaniques des boues métalliques générées a la suite du traitement des solutions
multimétalliques par les différentes techniques de précipitation;

Evaluer les caractéristiques de déshydratation des boues issues du traitement par les
méthodes de précipitation de deux compositions synthétiques de DMA;

Evaluer les taux d’élimination des métaux par les méthodes de précipitation et ce, pour trois
types d’effluents réels : lixiviat de sol, lixiviat de cendres volantes et lixiviat des boues de
stations d’épuration;

Etudier les caractéristiques de déshydratation des boues métalliques issues du traitement par
précipitation de ces trois effluents réels;

Développer un modele informatique sur Microsoft EXCEL permettant de prédire lors du

traitement des effluents par précipitation :
1. La spéciation des métaux et des éléments en solution;

ii.  Les concentrations résiduelles en cations et anions aprés traitement et comparaison

par rapport aux normes de rejets fixés par une législation donnée;

iii.  Le volume généré des boues humides et ce, apres une séparation S/L mécanique;
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iv.  Les colts totaux de traitement suivant un schéma de procédé conventionnel de

traitement des effluents métalliques par précipitation.

9  Intégrer les connaissances sur les caractéristiques des boues métalliques issues a partir des

expérimentations dans la base de données du progiciel PITEM;

10  Valider le modé¢le a ’aide des connaissances sur les caractéristiques de déshydratation des

boues issues de solutions multimétalliques synthétiques et du lixiviat de sol.
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1.5 Démarche méthodologique

La réalisation de ce projet de recherche a exigé la réalisation de travaux expérimentaux, ainsi que
des travaux de modélisation et de simulation informatique. La présente section décrit
succinctement la nature des travaux associés a ’atteinte de chacun des objectifs spécifiques du

projet.

Plusieurs séries d’essais de précipitation de métaux ont été effectuées au laboratoire. Ces tests
ont été d’abord effectués sur des solutions synthétiques acides préparées a 1’aide d’acide
) . . \ ; (SRS | NN || RPN | Y | PSS | AP
inorganique (ajustement du pH a 2.0) et contenant un métal (Fe", Fe™, A", Cu’, Ni', Zn", Cr ",
cd", Mn", ect). Lors des tests de précipitation, des volumes de 1.5 L de solution ont été traités
par addition d’agents précipitants (NaOH, KH,PO4/NaOH, NaOH/Na,S ou NaOH/NaHCO3) et
I’atteinte de différents pH finaux déterminés par les simulations faites a 1’aide du logiciel
MINEQL+ (version 4.5) qui sont 10.0, 6.0, 8.0 et 7.0, respectivement pour les hydroxydes, les

phosphates, les carbonates et les sulfures.

Deux séries d’essais de précipitation en solutions multimétalliques ont été réalisés, la premicre
en utilisant une matrice de sulfate (utilisation d’acide sulfurique et de sels de sulfate) et la
seconde en employant une matrice de chlorure (utilisation d’acide chlorhydrique et de sels de
chlorure). De méme, lors de ces essais, les tests ont été effectués en utilisant la chaux ou
I’hydroxyde de sodium comme base pour former des hydroxydes et Na,HPO4, Na,S ou NaHCO3

pour former respectivement des phosphates, des sulfures ou des carbonates.

Une fois ces essais complétés, des expériences ont été conduites dans des conditions semblables

avec deux compositions typiques de DMA (DMAI1 et DMA?2), ainsi qu’avec des effluents réels

26



issus de la décontamination d’un sol pollué par les métaux, de cendres volantes et de boues

d’épuration municipales.
1.5.1 Caractérisation des boues métalliques

Cette partie du projet a consisté a caractériser les boues métalliques produites suite au traitement
de plusieurs types d’effluents dans différentes conditions opératoires. La caractérisation des
boues implique I’étude de la décantation des flocs générés évaluée par le paramétre IVB (Indice
du Volume de Boue), le comportement vis-a-vis d’une filtration sous pression exprimé en termes
de %ST (Pourcentage de solides totaux) de la boue filtrée, de RSF (Résistance Spécifique a la
Filtration) et CF (Capacit¢ de Filtration). Le comportement des boues vis-a-vis de la
centrifugation a été également étudié en considérant le parametre %ST (p/p) du gateau de la

centrifugation.
1.5.2 Conception du modele informatisé et intégration des connaissances sur les boues

Cette ¢étape a consisté a développer un modele informatique portant 1’acronyme PITEM
(Programme Informatis¢é de Traitement d’Effluents M¢étalliques). Il s’agit d’un progiciel
fonctionnant sous le logiciel Microsoft EXCEL et permettant de prédire 1’efficacité et
I’économique d’un procédé¢ de traitement par précipitation d’effluents métalliques. Il est

compos¢ essentiellement de deux modules de calcul connexes qui sont :

1. le module de spéciation chimique;

2. etle module de I’estimation de la production de boues et de calcul économique.

Les connaissances issues des travaux sur la caractérisation des boues monométalliques ont été
intégrées dans le modele informatisé. PITEM est amené a pouvoir prédire le comportement des

procédés de traitement des effluents par précipitation en termes de production de boues
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métalliques, de consommation de réactifs chimiques et de qualité des effluents et ce, en fonction
de la composition initiale des effluents, du réactif de précipitation utilis¢, ainsi que des pH initial

et final.

1.5.3 Validation expérimentale du modéle

Une fois les travaux de modélisation complétés, des essais de validation du modéle ont été
exécutés par une série d’essais de traitement de solutions multimétalliques synthétiques et
d’effluents industriels et de décontamination de matrices polluées par les métaux a savoir des
lixiviats de sol contaminé, de cendres d’incinérateur et de boue de station d’épuration. Les
résultats de ces essais ont été comparés aux résultats de simulation effectués en parallele aux

travaux expérimentaux de laboratoire.
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1.6 Discussion et intégration des résultats

1.6.1 Etude comparative des caractéristiques de déshydratation des boues générées au cours

du traitement par précipitation des solutions monométalliques

L’objectif de la premicre partie du projet est de développer les connaissances de base sur les
propriétés de déshydratation des boues (décantation, filtration sous pression et centrifugation)
issues de traitement de solutions monométalliques par précipitation sous formes d’hydroxydes,

de phosphates, de sulfures ou de carbonates.

Dans le but de définir les pH de précipitation, des simulations avec le logiciel MINEQL+

version 4.5) ont été effectuées pour les quatre systémes suivants : les hydroxydes (Fe*', Fe’',
p q y y y

Zn2+, Mn2+, Cd2+, Cu2+, Cr3+, Ni2+, Ba2+, Ca2+, C02+, Al3+, Pb*" et Sn2+), les sulfures (Cd2+, C02+,

Cu2+, F e%, Fe3+, Mn2+, Ni2+, Pb2+, Sn*" et Zn2+), les phosphates ( F e3+, Zn2+, Mn2+, Cd2+, Cu2+,

Cr3+, Ni2+, Ba2+, Ca2+, C02+, A13+, Pb*" et Sn2+) et les carbonates (Ba2+, Cd2+, C02+, Fe%, Mn2+,

Ni*", Pb*" et Zn>"). Toutes ces simulations ont été établies pour une matrice de chlorures, excepté

pour le plomb ou I’anion utilisé est le nitrate et ce, pour des considérations de solubilité.

Les tests de précipitation ont été effectués a température ambiante (22 + 2°C) avec des volumes
de 1.5 L pour chaque solution monométallique ayant une concentration de 2.0 x 10~ mol/L et
soumise a une agitation de 160 rpm. Un temps de 15 min a été jugé suffisant pour chaque essai

de précipitation afin que le systéme atteigne 1’équilibre (Hove et al. 2008).
Les essais de précipitation ont été effectués avec les quatre agents de précipitation suivants :
e [’hydroxyde de sodium NaOH (solution mere);

e Le sulfure de sodium (Na,S) a des quantités steechiométriques;
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¢ Le monopotassium de phosphate (KH,PO,) a des quantités stoechiométriques;
e Le bicarbonate de sodium (NaHCOs) a des quantités stoechiométriques.

Les essais de précipitation sous forme d’hydroxydes ont été réalisés en ajustant le pH de travail a
10.0 pour tous les métaux par ajout de ’hydroxyde de sodium. Cependant, pour 1’aluminium, le
magnésium et le calcium, les pH de précipitation ont été ajustés respectivement a 7.5, 12.0 et

12.5.

Pendant les autres essais de traitement, les agents de précipitation ont été¢ tout d’abord ajoutés
aux solutions monométalliques suivis d’un ajustement de pH a 6.0, 8.0 et 7.0 a I’aide de NaOH
respectivement pour les phosphates, les carbonates et les sulfures. Il est a noter que dans le cas
des carbonates et les sulfures, un premier ajustement de pH a été fait a 5.5 dans le but d’éviter le
dégagement respectif de CO; et de H,S (Baltpurvins et al. 1996a,b; Charerntanyarak 1999; Feng

et al. 2000).

Les valeurs de pH 10.0, 6.0, 8.0 et 7.0 de précipitation des métaux sous forme d’hydroxydes, de
phosphates, de carbonates et de sulfures ont été déduites des résultats des simulations avec

MINEQL+ (version 4.5).

Une fois le temps de précipitation écoulé, la suspension formée a été décantée dans un cylindre
de 2 L de capacité. Le volume de la suspension décantée a été noté aprés 30 min pour le
paramétre IVB, qui est le volume en millilitres occupé par gramme de suspension apres 30 min

de décantation.

Par comparaison entre les valeurs de IVB pour six métaux (Cd2+, C02+, F e%, Ni2+, Pb*" et Zn2+),
I’ordre ascendant suivant a été obtenu pour les différents types de flocs formés : Sulfures <

Phosphates < Hydroxydes < Carbonates. Cette méme tendance a été confirmée dans les travaux
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de Lewis et Swartbooi (2006) quand ils ont constaté que les suspensions de sulfures décantent

plus rapidement que celles des hydroxydes et des carbonates.

De la méme maniére, un ordre ascendant a été défini en comparant les valeurs d’IVB pour les
différents métaux : Pb*" < Ca*" = Cu*" < Ba*" < Zn*" = Fe’* < Cr’" = Sn*" = Mn*" < Ni*" < Co*"
La résistance spécifique a la filtration (RSF), la capacité de filtration (CF), ainsi que la

concentration finale en solides du giteau (%ST) ont été utilisées pour évaluer les caractéristiques

de déshydratation des boues (séparation S/L) issues des divers types de traitement.

L’expression mathématique de RSF est donnée par la formule suivante (Viadero et al. 2006):

2bPA’
1.C

Equation 1.8 RSF =

Ou « b » est la pente de la droite V = f (t/V), « V » est le volume du filtrat & I’instant « t », « P »
est la pression, « A » est la surface du filtre, « p » est la viscosité cinématique du filtrat, « ¢ » est

le poids du solide par unité de volume du filtrat.

1
C=
C./(100—C,)—C, /(100—C,)

Equation 1.9

Avec “C;” est le contenu initial en eau, “Cy” est le contenu final en eau.
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La viscosité cinématique a été mesurée par un viscosimetre programmable type Brookfield

DV-II+Pro avec une vitesse du pendule égale a 60 tours/min.

Quelques propriétés de déshydratation des boues monométalliques sont données dans les
Tableaux 1.7 a 1.10. Les flocs d’hydroxydes de métaux ont généralement de faibles capacités de
filtration (CF), excepté pour le plomb avec une valeur de 22.8 kg/(mz.h) (Tableau 1.7). De méme
pour les sulfures (Tableau 1.8), seules le cuivre et le cobalt montrent de bonnes capacités de
filtration avec respectivement des CF de 5.3 et 5.6 kg/(m”.h). Les suspensions de carbonates ont
des capacités de filtration ¢élevées pour le plomb, le cadmium, le baryum et le manganese avec
des valeurs respectives de 26.0, 11.7, 10.2 et 8.1 kg/(m>.h) (Tableau 1.9). Les phosphates ont
montré des capacités de filtration les plus élevées pour cing des métaux étudiés qui sont Ba>",
Cd*", Cr'", Pb®" et Zn®" et possédant des capacités variant entre 34 et 65 kg/(m’.h)

(Tableau 1.10).

Par comparaison des différentes valeurs des capacités de filtration pour Cd*", Co®", Fe*", Ni*",
Pb®" et Zn®*, un ordre descendant a été établi pour ces métaux : Phosphates > Carbonates >

Hydroxydes = Sulphides.

En termes de RSF, une relation directe a été constatée entre ce parametre et la CF. En effet,
lorsque les boues posseédent des capacités de filtration élevées, elles ne présentent pratiquement
aucune résistance a la filtration, ou elles ont de trés faibles RSF. Les valeurs de RSF mesurées
pour les hydroxydes de nickel, de chrome et de cuivre, respectivement de 7.36x10",
9.9x 10" m/kg et 15.2x10"" m/kg sont dans le méme ordre de grandeur des RSF déterminés dans
les travaux de Knocke et al. (1980), variant de 8 a 200x10" m/kg, 5 a 50x10"" m/kg et 5 a

30x 10" m/kg, respectivement pour les hydroxydes de cuivre, de chrome et de nickel.
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En termes de ST des boues aprés filtration, il a été constaté que les valeurs les plus élevées
correspondent aux hydroxydes de calcium, de cuivre, de fer (II), de magnésium et d’étain, aux
phosphates d’aluminium, de barium, de chrome(Ill), de fer(Ill), de nickel et de zinc, et aux
carbonates de cadmium, de manganese et de plomb. Les valeurs de ST les plus faibles (4 et
8% p/p) ont été obtenues avec les précipités Al(OH); et Fe(OH)s. D’une facon générale
(indépendamment du type de précipité formé), un ordre descendant pour les ST des boues a été
établi pour les différents métaux étudiés : Ba®" > Pb*" > Mg®* > Cd*" > Sn*" = Cr’" = Mn*" >

+ + + + 2+ + + +
Zn* = Cu* > Ca** > Fe* = Ni*" > Co* >Fe* = Al*,

Les valeurs de ST des précipités métalliques obtenues a la suite d’une centrifugation a 3000 x g
pendant 15 min a ’aide d’une centrifugeuse du type Beckman Coulter Allegra™ 6 Centrifuge,
sont données dans les Tableaux 1.7 a 1.10. Les résultats expérimentaux montrent que la
centrifugation est beaucoup moins efficace que la filtration sous pression a ¢liminer I’eau des

flocs métalliques.

De maniére similaire a la filtration, les valeurs de ST mesurées apres centrifugation pour chaque
précipité varient dans une large plage (de 0.1 a 45.1% (p/p)). Par exemples, des valeurs de ST de
9.0 et 4.0% (p/p) ont été mesurées respectivement pour Cd(OH), et MnHPO,, contre 41.0 et
31.0% (p/p) atteints respectivement pour CdCO3; et MnCOs. L’ordre suivant peut €tre proposé
par comparaison des valeurs de ST mesurées pour les différents métaux : AI’" < Fe’™ < Zn*" <

C02+ < Mg2+S Ni2+ < Ca2+ < Fez+ < Cu2+S CI‘3+S Mn2+ < Sn2+ < Cd2+< B32+<Pb2+.
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Tableau 1.7

Caractéristiques de déshydratation des boues métalliques associées au traitement des solutions monométalliques utilisant NaOH comme

agent précipitant

Meétaux Décantation Filtration Centrifugation
IVB Temps ST Boues CF RSF ST
(mL/g) (min) (% plp) (kg/m) (kg/(m’.h)) (kg 10%) (% plp)
Chlorures
AP* 251 377 4.2 37.6 0.15 87.7 24
Ca** 19.0 10.3 34.5 2.19 14.67 - 12.3
cd* 55.1 56.0 22.7 16.0 2.58 431 9.0
Co*" 69.7 260 24.0 7.74 0.27 344 8.9
cr’ 483 44.0 24.7 8.34 2.15 9.90 10.7
Cu* 33.7 67.0 234 7.92 1.28 3.01 19.9
Fe* 92.8 177 25.6 6.44 0.37 34.6 14.1
Fe'* 10.7 126 8.0 24.6 0.60 25.6 4.8
Mg** 1100 40.0 64.6 0.76 1.41 27.8 94
Mn** 32.6 40.0 30.4 4.84 1.57 5.16 12.6
Ni*® 48.1 413 12.3 153 0.18 73.6 54
Pb* 6.0 34 514 8.88 74.66 - 34.0
Sn** 39.7 162 37.6 6.96 0.69 19.1 28.0
Zn** 134 21.0 8.7 20.6 3.27 3.46 0.1
Sulfates
AP 29.8 111 6.8 30.3 0.72 221 29
Co™ 65.9 150 14.9 13.6 0.55 272 5.7
Ccu* 30.3 51 26.2 8.88 1.63 8.86 10.7
Fe* 34.7 338 11.5 25.0 0.36 42.0 5.9
Ni** 46.2 374 9.5 20.1 0.20 69.6 4.0
Zn** 42.2 42 10.7 21.5 2.20 5.99 2.8
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Tableau 1.8

Caractéristiques de déshydratation des boues métalliques associées au traitement des solutions monométalliques (dans une matrice

chlorures) utilisant Na,S comme agent de précipitation

Meétaux Décantation Filtration Centrifugation
IVB Temps ST Boues CF RSF ST
(mL/g) (min) (% p/p) (kg/m’) (kg/(m’.h)) (m/kg x 10 (% p/p)
Ccd* 8.9 63 14.1 225 1.82 7.87 9.2
Co™* 53 5.0 8.8 275 16.43 0.28 6.3
Ccu* 8.0 55 16.6 134 15.64 0.18 13.9
Fe*' 38.0 168 13.7 12.6 0.41 27.1 6.6
Fe' 335 552 15.0 17.9 0.11 67.5 7.3
Mn** 30.5 15 30.9 59 3.66 2.73 11.2
Ni** 11.3 24 17.1 13.0 3.38 4.06 9.5
Pb** 6.9 20 26.5 18.4 8.36 1.40 20.8
Sn** 17.2 74 30.0 11.3 1.58 9.41 12.9
Zn* 234 159 18.6 11.3 0.55 24.6 7.5
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Tableau 1.9

Caractéristiques de déshydratation des boues métalliques associées au traitement des solutions monométalliques (dans une matrice

chlorures) utilisant KH,PO,4 comme agent de précipitation

Meétaux Décantation Filtration Centrifugation
IVB Temps ST PB \ CF RSF b ST
(mL/g) (min) (% p/p) (kg/m”) (kg/(m’.h)) (mkgx 107) (% p/p)
AP 62.6 69 15.1 15.6 225 8.81 6.1
Ba> 4.1 0.9 88.6 4.84 238.19 - 31.7
Ca?t 12.1 54 8.9 27.6 2.66 - 4.0
cd 62.0 1.5 51.2 9.07 156.45 - 34.4
Co*" 32.1 23 14.3 19.0 6.86 2.57 73
crt 7.6 1.5 425 8.23 121.6 - 17.1
Cu** 7.8 11 9.0 40.8 15.04 0.52 5.0
Fe* 15.9 29 212 14.6 5.60 2.67 8.3
Fe* 30.7 214 12.3 31.2 0.70 21.5 5.8
Mg* 86.8 88 19.5 10.2 1.52 10.6 43
Mn** 51.7 48 15.0 17.5 3.06 457 3.6
NiZ* 425 42 24.8 7.51 3.09 6.42 7.3
Pb* 7.2 2.0 43.9 13.8 131.18 - 16.2
Zn** 33.9 1.3 58.4 471 127.24 - 10.5
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Tableau 1.10

Caractéristiques de déshydratation des boues métalliques associées au traitement des solutions monométalliques (dans une matrice

chlorures) utilisant NaHCO; comme agent de précipitation

Meétaux Décantation Filtration Centrifugation
IVB Temps ST PB CF RSF ST
(mL/g) (min) (% p/p) (kg/m’) (kg/(m’.h)) (m/kg x 10 (% p/p)
Ba®* 344 4.1 62.2 5.99 31.59 - 20.2
cd* 176 3.5 70.6 5.61 36.90 0.05 40.9
Co™" 443 229 11.1 19.0 0.35 52.0 44
Fe*' 52.1 136 13.0 13.6 0.48 29.5 5.7
Mn** 3.6 33 579 3.71 23.81 - 30.7
Ni** 442 40 19.0 11.9 3.01 4.16 6.7
Pb** 7.6 2.3 76.4 6.89 93.27 - 45.1
Zn* 21.6 139 17.6 12.0 0.59 23.0 53
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1.6.2 Etude comparative des caractéristiques de déshydratation des boues générées au cours

du traitement par précipitation des solutions multimétalliques et des DMA

Le but de cette partie du projet est d’illustrer I’effet de la matrice (CI” versus SO4>) sur les
concentrations métalliques résiduelles et les caractéristiques de déshydratation des boues
générées et ce, a la suite du traitement de solutions multimétalliques synthétiques par
précipitation en formant des hydroxydes, des sulfures, des phosphates et des carbonates
métalliques. Ces mémes parametres ont été également étudiés dans le cas des boues issues de

deux compositions types de DMA.

Quatre solutions multimétalliques a pH acides égale a 2.0 (acidification par H,SO4 ou HCI) ont

été préparées ayant des concentrations égales [M™] de 4.0x10™ mol/L en chaque métal :
e SIn A: contient Fe*", AI**, Zn**, Cu®" et Ni*" dans une matrice chlorure ;
e SIn B: contient Fe’”, Al3+, Zn2+, Cu”" et Ni*" dans une matrice sulfate ;
e SIn C: contient Fe**, Mn**, Zn*", Cu®" et Cd*" dans une matrice chlorure ;
e SIn D: contient Fe*", Mn2+, Zn2+, Cu’" et Cd** dans une matrice sulfate.
Deux compositions types de DMA (DMA1 et DMA2) ont été également étudiées.

Les domaines de solubilité ont été calculés a 1’aide du logiciel MINEQL+ (version 4.5) pour les
quatre systémes suivants : hydroxydes et phosphates pour la solution Sln B (Fe*", AI*", Zn*",
Cu®" et Ni*"), sulfures et carbonates pour la solution Sln D (Fe**, Mn*", Zn*", Cu*" et Cd*).
L’anion choisi pour respecter I’électroneutralité de tous les systémes était les sulfates (SO4%), la

température a été fixée a 298 °K et le nombre d’itérations était limité a 100. Les domaines de

38



solubilité ont été calculés dans une gamme de pH variant de 2.0 a 14.0 pour les deux systeémes

hydroxydes et phosphates et de 5 a 14 pour les carbonates et les sulfures.

Les essais de précipitation ont été réalisés avec les cing agents de précipitations suivants :
1) Hydroxyde de sodium (2.5 mol NaOH/L); 2) Chaux (20 g Ca(OH),/L); 3) Sulfure de sodium
(NayS); 4) Hydrogénophosphate de sodium (Na,HPO,); et 5) Hydrogénocarbonate de sodium

(NaHCO3).

Une fois I’étape de décantation terminée, une partie de la suspension a été soumise a une
filtration sous pression et 1’autre partie a une centrifugation, de la méme manicre que décrit

précédemment.

Une bonne corrélation a été observée entre les valeurs expérimentales et celles prédites par
MINEQL+ a pH 10.0 pour tous les métaux contenus dans les différentes solutions synthétiques
étudiées. 11 est important de noter que les concentrations résiduelles du zinc (3.21 x 10° mol/L)
et du nickel (3.40 x 107 mol/L) sont inférieures & celles prédites par la théorie (4.59 x 10 et
1.02 x 10 mol/L, respectivement pour le zinc et le nickel). Ceci peut étre expliqué par la
présence des hydroxydes d’aluminium et de fer. En effet, ’adsorption et/ou la coprécipitation
des métaux pourrait se produire sur Al(OH); et Fe(OH); (Marchioretto et al. 2005; Slavek et

Pickering 1988).

Le traitement de Sln A, Sln B ainsi que les deux compositions d¢ DMA (DMA1 et DMA2) par
ajout de phosphates a pH 7.0 donne généralement des taux d’élimination des métaux de
transition (Zn*", Ni**, Cu*, Pb*" et Cd*") supérieures a ceux calculés par le logiciel MINEQL+.
Aux faibles valeurs de pH (2.5 a 4.0), I’aluminium et le fer (III) précipitent sous forme de

phosphate amorphe : AIPO4.xH,0 avec x = 2-3 et FePO4.xH,0 avec x = 1-2 (Mustafa et al.
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1999) qui sont de bons échangeurs d’ions et peuvent agir comme des matériaux fiables

d’adsorption pour les cations métalliques bivalents selon I’Equation 1.10.

Lquation 1. nS-OH + aq) = (S-0),M™" +nH" (aq
E 1.10 nS-OH + M* (aq) = (S-0),M>" + nH" (aq)

avec “S” correspondant a I’échangeur ionique et “M” le métal bivalent.

Les résultats expérimentaux de 1’¢limination des métaux des solutions Sln C et SIn D sous forme
de carbonates (MCOs3) sont satisfaisants, mais sont légerement inférieurs a ceux prédits par

MINEQL+. Ceci peut étre expliqué par des considérations cinétiques.

Comme dans le cas des carbonates, le traitement par les sulfures est une précipitation combinée
consistant & un ajustement de pH de 2.0 a 5.0 suivie d’un ajout steechiométrique de Na,S. Les
résultats expérimentaux sont en accord avec les résultats de simulation du logiciel MINEQL+

dans les mémes conditions opératoires.

Dans chaque cas d’essai de précipitation, les boues générées sont essentiellement constituées de
précipités métalliques hydratés et de sels dissous interstitiels. Cependant, pour les mémes
conditions, 1’agent de précipitation utilis€ pour 1’¢limination des ions métalliques des milieux

aqueux, a une influence significative sur la séparation S/L des boues produites.

Le traitement de la solution SIn A par NaOH a pH 10.0, produit des flocs qui décantent
lentement avec un IVB = 428 mL/g (Tableau 1.11). Le traitement de la méme solution par ajout
de Na,HPO,4 a pH 7.0 produit des boues qui décantent plus rapidement avec un IVB = 235 mL/g
(Tableau 1.12). Dans ces deux modes de traitement, la substitution de la matrice chlorure (Sln A)

par une matrice sulfate (SIn B), améliore la décantation des boues métalliques. Cette
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amélioration est due d’une part a la nature amorphe des précipités obtenus et a I’augmentation de
la force ionique Al Ceci est en accord avec les travaux antérieurs de Dustan et al. (2005) et

Moghadam et al. (2005).

Le traitement de la solution Sln C par ajout de Na,S ou de Na,COs a pH pres de 8.0, génere des
boues ayant une bonne décantation avec des IVB = 121 et 37 mL/g respectivement, pour les
sulfures et les carbonates (Tableaux 1.13 et 1.14). Dans ces deux cas de traitement, la
substitution de la matrice chlorure (Sln C) par la matrice sulfate (SIn D) n’a pas d’effet

significatif sur les caractéristiques de décantation.

Le comportement des boues, dans le cas du traitement des DMA par NaOH ou Ca(OH), a pH
10.0 a été également étudié. Les résultats expérimentaux présentés dans le Tableau 1.11 montrent
que la substitution de NaOH par Ca(OH), fait diminuer la valeur de IVB. Cette diminution est
due essentiellement a la formation d’une boue secondaire, le gypse (CaSO4.2H,0) (Balpurvins

et al. 1996a.b).

Les résultats expérimentaux (Tableaux 1.11 a 1.14) montrent que les boues générées a partir des
matrices sulfates se déshydratent mieux que celles formées dans les matrices chlorures et ce, en
termes des valeurs de solides totaux (% ST) des giteaux obtenues a la suite de la filtration sous

pression (Dustan et al. 2005).

Le traitement de DMA1 et DMA2 par NaOH a généré des boues avec des valeurs de ST
respectives de 19.0 et 21.1% (p/p), correspondant a une production de boues de 12.5 et
15.0 kg/m’. Dans les mémes conditions opératoires, la substitution de ’agent précipitant NaOH

par Ca(OH); pour le traitement des DMA, a généré des boues qui se filtrent mieux; ayant des
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valeurs de ST plus élevées (pres de 30% (p/p), mais correspondant & une plus importante

production de boues causée par la formation du gypse) (Tableau 1.11).

En termes de RSF, les boues générées a partir de la matrice sulfate présentent une meilleure
filtrabilité par rapport a celles formées a dans la matrice chlorure. Deux tendances ont été

établies en termes de RSF pour les deux compositions de DMA:

e DMA 1: phosphates < hydroxydes (Ca(OH),) < hydroxydes (NaOH) < carbonates <

sulfures.

e DMA 2: phosphates < hydroxydes (Ca(OH),) < carbonates < hydroxydes (NaOH) <

sulfures.
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Tableau 1.11

Caractéristiques de déshydratation des boues issues du traitement de la solution multimétalliques par NaOH ou Ca(OH), a pH 10.0

Décantation Filtration Centrifugation
IVB Temps ST PB CF RSF ST
(mL/g) (min) (% p/p) (kg/m’) (kg/(m”.h)) (m/kg x 107) (% p/p)
Matrice chlorure (SIn A) 428 303 7.4 26.2 0.23 66.0 3.7
Matrice sulfate (Sln B) 377 152 11.2 21.6 0.57 23.5 4.4
DMA 1
NaOH 216 113 19.0 12.5 0.76 6.0 6.5
Ca(OH), 49 96 30.2 29.5 3.33 3.4 18.9
DMA 2
NaOH 292 229 21.1 15.0 0.50 14.9 8.2
Ca(OH), 65 71 31.0 40.8 6.43 2.2 18.7
Tableau 1.12 Caractéristiques de déshydratation des boues issues du traitement de la solution multimétalliques par Na,HPO, a pH 7.0
Décantation  Filtration Centrifugation
IVB Temps ST PB CF RSF ST
(mL/g) (min) (% p/p) (kg/m’) (kg/(m”h) (m/kg x10") (% p/p)
Matrice chlorure (Sln A) 235 140 18.5 19.2 091 11.0 5.7
Matrice sulfate (Sln B) 208 55 16.7 24.5 2.65 29 6.9
DMA 1 137 31 21.9 22.7 5.70 1.2 9.3
DMA 2 134 54 16.0 45.0 4.77 2.0 10.6
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Tableau 1.13 Caractéristiques de déshydratation des boues issues du traitement de la solution multimétalliques par Na,CO; a pH 8.0

Décantation  Filtration Centrifugation
IVB Temps ST PB CF RSF ST
(mL/g) (min) (% p/p) (kg/m’) (kg/(m’.h)) (m/kg x 10) (% p/p)
Matrice chlorure (SIn C) 37 17 19.1 13.0 5.16 1.6 9.8
Matrice sulfate (Sln D) 56 13 41.9 59 6.73 1.1 17.5
DMA1 358 128 20.8 11.9 0.70 7.6 7.4
DMA 2 275 64 15.0 233 1.95 39 6.9
Tableau 1.14 Caractéristiques de déshydratation des boues issues du traitement de la solution multimétalliques par Na,S a pH 8.0
Décantation  Filtration Centrifugation
IVB Temps ST PB CF RSF ST
(mL/g) (min) (% p/p) (kg/m’) (kg/(m’.h)) (m/kg x 10) (% p/p)
Matrice chlorure (SIn C) 121 120 16.6 13.9 0.69 10.8 7.1
Matrice sulfate (Sln D) 122 115 17.4 13.2 0.72 9.7 7.4
DMA 1 214 260 18.9 16.5 0.43 16.8 7.5
DMA 2 241 308 13.7 29.0 0.47 194 6.3
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1.6.3 Enlévement des métaux contenus dans les lixiviats de sol, de cendres volantes
d’incinération et de boues de station d’épuration et caractéristiques de déshydratation

des boues

Le but de cette partie du projet est d’évaluer I’efficacité de diverses techniques de précipitation
des métaux contenus dans trois types de matrices polluées, tels qu’un lixiviat de sol, un lixiviat
de cendres volantes et un lixiviat de boues de stations d’épuration. Les caractéristiques de
déshydratation des boues générées vis-a-vis des séparations mécaniques S/L, ont été également
¢tudiées.

Des essais de lixiviation en mode batch (cuvée) ont été conduits dans le but de produire des
lixiviats de sol, de cendres volantes et de boues de station d’épuration, nécessaires pour les tests
de précipitation. La lixiviation des boues de stations d’épuration a été menée selon les conditions
optimales définies par Beauchesne et al. (2007) qui consistent en I’ajout de 56 kg de Fe'™ et 8 kg
de H,O; par tonne de boue séche (tbs), I’acidification étant effectué¢e par H,SO,4 pour amener le
pH du mélange entre 2.0 et 2.5. Les lixiviats de sol et des cendres volantes ont été obtenus avec

des densités de pulpe égale a 10% (p/p) a pH 2.0 (acidification avec HCI).

Deux modes de précipitation ont été étudiés pour les trois lixiviats obtenus a savoir, une
précipitation simple [NaOH ou Ca(OH), a pH 10.0] et une précipitation combinée

[(NaOH+Na,S) a pH 7.5, (NaOH+Na,CO;) a pH 7.5 et (Na,HPO4+NaOH) a pH 8.0].

Les résultats expérimentaux ont montré que 1’élimination des métaux par simple précipitation a
pH 10.0 donne des rendements meilleurs lors de I’ajout de Ca(OH), et ce, pour les lixiviats de
sol et les cendres d’incinérateur. Dans le cas des précipitations combinées, les taux d’élimination

des ions métalliques concordent bien avec ceux prédits par le logiciel MINEQL+.
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Le traitement par précipitation des trois effluents étudiés par NaOH ou Ca(OH),, ainsi que la
combinaison de NaOH avec Na,S ou Na,COs; ou Na,HPO,, a généré des boues ayant des
caractéristiques spécifiques vis-a-vis de la décantation, de la filtration sous pression et de la
centrifugation. Le Tableau 1.15 présente quelques caractéristiques de déshydratation des boues

produites a partir des trois effluents étudiés.

La déshydratation (filtration sous pression) des boues générées a la suite du traitement du lixiviat
de sol a été établie comme suit, en se basant sur les valeurs de RSF : Sulfures (4.3 x 10" m/kg) <
Phosphates (6.4 x 10" m/kg) < Hydroxydes [Ca(OH),] (14.2 x 10" m/kg) < Hydroxydes

[NaOH] (19.7 x 10'? m/ kg) < Carbonates (26.5 x 10'* m/kg).
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Tableau 1.15 Caractéristiques de déshydratation des boues issues du traitement des trois lixiviats

Lixiviat Réactifs Décantation Filtration Centrifugation
VB ST PB CF RSF ST
(mL/g) (% p/p) (kg/m®) (kg/m’.h) (m/kg x10'%)  (%op/p)
Sol NaOH 117+£0 18.8 1.0 6.7+£0.2 1.6+ 0.1 19.7+£1.3 8.0+04
Ca(OH), 98 +0 252+1.4 39+£0.2 1.1£0.2 142+2.5 77+03
NaOH + Na,S 72+7 184+1.1 53+0.1 29+0.2 43+03 8.1+04
NaOH + Na,CO; 113+4 72.7+£33 1.8+£0.1 0.6+0.0 26.5+4.0 7.6+0.7
NaOH + Na,HPO, 132+0 36.7+0.8 33+0.2 22+02 64+2.0 6.8+0.3
Cendre NaOH 39+0 16.3+3.2 564+22 1.9+0.3 62+03 10.0£0.0
Ca(OH), 500 164+1.2 463+54 25+0.3 50+0.8 9.7+0.3
NaOH + Na,S 46+ 0 16.0+0.1 58.6+0.6 1.6+£0.2 73+0.2 10.4+0.5
NaOH + Na,CO; 48+ 0 17.3+0.1 61.3+1.5 20+0.6 53+0.2 11.3+1.1
Boue de station d’épuration NaOH 221 +3 15.1+£0.5 8.0+0.0 0.6+£0.0 23.5+04 5.1+0.1
Ca(OH), 177+2 16.1+£14 79+0.1 0.7£0.0 19.8+0.5 6.0+0.1
NaOH + Na,S 391+2 143+0.3 6.5+0.1 04+0.2 31.7+1.2 7.1+1.8
NaOH + Na,COs; 277+2 10.6 £0.5 7.2+0.0 04+0.1 239+0.2 5.1+0.7
Na,HPO, + NaOH 180+ 2 20.4+2.1 7.6+0.1 1.5+0.2 07.6 0.2 7.7+0.1
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Les boues obtenues a la suite du traitement du lixiviat de cendres ont des caractéristiques de
déshydratation comparables et ce, quelque soit la technique de précipitation employée. En effet,
les valeurs de RSF et IVB sont comprises respectivement entre 5.0 et 7.3 x10'> m/kg et entre

39 et 50 mL/g (Tableau 1.15).

Les boues obtenues a la suite du traitement du lixiviat des boues de station d’épuration ont
montré les meilleures caractéristiques de déshydratation (décantation et filtration sous pression) a
la suite de la précipitation combinée aux phosphates (NaOH+Na,HPO,) avec des valeurs de RSF

de 7.6 x10" m/kg et IVB de 180 mL/g (Tableau 1.15).

1.6.4 Développement d’un nouveau logiciel de prédiction de traitement des effluents

métalliques par précipitation

Le but de cette partie de projet est de développer un modele informatique qui permet de prédire
dans un contexte technico-économique, le traitement des effluents métalliques et ce, par diverses
techniques de précipitation. Ce programme informatisé nommé PITEM (Programme Informatisé
de Traitement des Effluents Métalliques) est écrit en langage Visual Basic sous Microsoft
EXCEL, intégrant un module de spéciation chimique qui prédit les phases solides susceptibles de
se former dans un scénario de précipitation donné, et un module économique permettant

d’estimer le colit unitaire de traitement et de gestion des boues métalliques.

Pour simuler les systémes d’équilibres chimiques, PITEM utilise les données thermodynamiques
fournies par la base de données du logiciel MINEQL+ couplé avec le code informatique nommé
EST (Equilibrium system tool) développé par Del piero et al. (2006). La base de données de

MINEQL+ a été utilisé et actualisé étant donné son accessibilité, son nombre important
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d’équations chimiques, de méme que sa bonne réputation dans le domaine de la chimie

aquatique.

L’innovation introduite par PITEM, est qu’il prend en considération les caractéristiques de
déshydratation des boues métalliques et 1’aspect économique du procédé de traitement par les
techniques de précipitation. Le cofit unitaire de traitement, exprimé en Dollars Américain par
metre cube d’effluent traité, est estimé selon une conception simplifiée d’un procédé industriel

de décontamination représent¢ a la Figure 1.2.

Les colits des équipements pour la déshydratation des boues, des réservoirs de stockage, des

pompes, etc., ont été tirés de www.matche.com et ont été actualisés (Juin 2009) en utilisant

I’indice du cott des équipements Marshall & Swift pour le quatrieme trimestre de I’année 2008,

publi¢ périodiquement dans la revue Chemical Engineering (Chemical Engineering 2009).

Pour un méme effluent, la production de boues humides exprimée en kg par metre cube
d’effluent traité, différe d’un agent de précipitation a un autre en raison des différences entre
leurs caractéristiques de déshydratation mécanique (Djedidi et al. 2009a,b). Pour cette raison, le
logiciel PITEM doit fournir une bonne estimation du parameétre ST (p/p) et, par la suite, de la
production de boues (kg/m’) et ce, aprés une filtration mécanique sous pression. Pour cette
raison, les caractéristiques de déshydratation des boues établies dans les études précédentes ont
été incorporées dans la base de données du modele. Il est a noter que la base de données pourrait
étre mise a jour dans le cadre de futurs travaux de recherche pour donner au logiciel PITEM plus

de précision et un plus grand champ d’utilisation.
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Le coft total de traitement (CTT) est calculé en se basant sur les données d’entrées économiques
illustrées au Tableau 1.16. Il faut noter que des données d’entrées sont fixées par défaut et

peuvent €tre ajustées au besoin.

Les résultats de simulation du logiciel PITEM ont montré que la différence entre les cofits totaux
de traitement (CTT) par les différentes techniques de précipitation (hydroxydes, sulfures,
phosphates et carbonates), est essentiellement attribuable a trois parametres qui sont : les cofits
en produits chimiques, les colts de transport et les cotits de disposition des boues métalliques
(Tableau 1.17). En effet, les paramétres du colit d’opération (excepté pour ces derniers
parametres), sont directement ou indirectement liés aux colts en capitaux (CC). Ce dernier est
étroitement li¢ aux dimensions des équipements et, par la suite, au débit de I’effluent fixé dans
notre cas, soit 1000 m’/jr (Tableau 1.16). On peut donc conclure que pour un débit constant, les
seuls parametres qui varient et ce, quelque soit le mode de précipitation choisi, sont : les cofts en

produits chimiques, les cotits de transport et les cotits de disposition des boues métalliques.

Les résultats de simulation pour le traitement d’un lixiviat de sol par les différentes techniques de
précipitation sont donnés au Tableau 1.17. Le CTT varie entre 4.62 et 5.18 $/m’. De toute
¢vidence, le colt le plus bas est attribu¢ au traitement par ajout de carbonates (Na,COs). Ceci est
di au bas prix de Na,CO; (0.15 $/kg) et également aux caractéristiques de déshydratation
intéressantes des boues générées apres une filtration sous pression (production de boue prédite =

1.7 kg/m’ et expérimentale = 1.8 kg/m’).
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Figure 1.2 Schéma simplifié du procédé industriel de traitement des effluents
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Tableau 1.16  Données d’entrées économiques et d’opération utilisées pour I’estimation du coiit total de
traitement des effluents

Paramétres Unités Valeurs Paramétres Unités Valeurs

Paramétres de base Coiits d’opération

Débit d’effluent m’/jour 1000 Coiits directs

Période d’opération annuelle jours/an 350 NaOH $/kg 0.50

Période d’opération journaliére  heures/jour 24 Ca(OH), $/kg 0.10

Facteur d’efficacité d’opération % 90 Na,S $/kg 0.30
Na,CO; $/kg 0.15

Coiits en capitaux Na;PO, $/kg 0.70

Taux d’intérét annuel % 8 Main-d’ ceuvre $/h 25

Période d’amortissement Années 10 Cott d’électricité $/kWh 0.07

Durée de vie des équipements  Années 20 Supervision et main d’ceuvre de % MOO 15
bureau

Frais de gestion de construction % CC 52 Entretien et réparation % CC 3

Frais contingents % CC 10 Matériaux courants % ER 15

Marshall & Swift Cost Index - 1487.2 Frais de laboratoire % MOO 1
Transport des boues $/tonne humide 20

Installation/isolation des % CC 39 Disposition des boues $/tonne humide 60

équipements

Instrumentation et contrdle % CE 13

Conduits et tuyauterie % CE 31 Coiits indirects

Systemes électriques % CE 10 Taxes % CC 2

Batiments de procédés et de % CE 29 Assurances % CC 0.5

services

Aménagement du terrain % CE 10 Dépenses générales % MO 60

Facilités et services % CE 55

Acquisition du terrain % CE 6 Coiits généraux

Ingénierie et supervision % CE 32 Administration % MO 15

Dépenses de construction % CE 34 Recherche et développement % CDI 3

Cotts en capitaux: CC, coits des équipements: CE, entretien et réparation: ER, main d’ceuvre d’opération: MOO, main d’ceuvre : MO, cotits
directes et indirectes : CDI
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Tableau 1.17

Coiits totaux (US$/m’) pour les quatre scénarios de traitement de lixiviat de sol

Paramétres Techniques de précipitation

Hydroxydes Carbonates Phosphates Sulfures
Coiits d’opération
Colts directes
Produits chimiques 0314 0.111 0.265 0.136
Main d’ceuvre 0.297 0.297 0.297 0.297
Energie 0.014 0.014 0.014 0.014
Supervision 0.241 0.241 0.241 0.241
Maintenance 0.555 0.555 0.555 0.555
Matériaux courants 0.083 0.083 0.083 0.083
Frais de laboratoire 0.016 0.016 0.016 0.016
Transport des boues 0.110 0.033 0.066 0.086
Disposition des boues 0.331 0.099 0.198 0.258
Total des codts directs 1.951 1.450 1.735 1.638
Coiits indirects 1.575 1.573 1.575 1.574
Coiits généraux 0.414 0.406 0.424 0.413
Cotlts en capitaux
Dépréciation 0.928 0.925 0.929 0.927
Intéréts 0.315 0.315 0.315 0.315
Coiits totaux de traitement  5.183 4.619 4.978 4.868
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1.7 Conclusions et recommandations

Le traitement des effluents industriels acides chargés en métaux par les techniques de
précipitation générent habituellement des quantités considérables de résidus, ou boues
métalliques, lesquels sont souvent considérés comme des déchets dangereux. Les colits de
traitement de ces effluents et de disposition des boues métalliques peuvent étre importants. Cette
problématique a incité a développer un modele informatique portant 1’acronyme PITEM
(Programme Informatisé¢ de Traitement d’Effluents Métalliques), congu pour la prédiction du
traitement des effluents métalliques par les techniques de précipitation et ce, dans un contexte
technico-économique. Ce programme est écrit en langage Visual Basic sous Microsoft EXCEL,
intégrant un module de spéciation chimique qui permet de prédire les phases solides susceptibles
de se former dans un scénario de précipitation donné, et un module €économique permettant

d’estimer le colit unitaire de traitement et de gestion des boues métalliques humides.

La production de boue humide (aprés séparation solide-liquide), représente un parametre critique
dans la prédiction du colt de traitement des effluents métalliques. En effet, le transport et la
disposition des boues générées, constituent une proportion ¢levée des cotlits dans un scénario

donné de traitement d’effluents chargés en métaux.

Par conséquent, la réalisation de ce projet de recherche a nécessité la réalisation de travaux
expérimentaux afin étudier le comportement des suspensions métalliques vis-a-vis des
séparations mécaniques solide-liquide (filtration sous pression et centrifugation), qui demeurent
les méthodes les plus employées a 1’échelle industrielle. Les connaissances issues de ces travaux

sur la caractérisation des boues ont par la suite été intégrées dans le progiciel PITEM.
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Les tailles et les densités des flocs sont deux paramétres déterminants dans les caractéristiques de
déshydratation des boues métalliques. Une bonne maitrise des connaissances des flocs
métalliques est donc indispensable pour donner au modele plus de précision dans la prédiction de
la production de boues. En effet, la force ionique « I », la valeur du pH de précipitation, la
concentration initiale du métal a ¢liminer et la concentration en carbone organique dissous COD
sont étroitement liés au contenu final en eau de la boue générée et ce, apres séparation solide-
liquide. Ces parametres doivent étre étudiés davantage dans le cadre de futurs travaux de

recherche.

Les phases solides susceptibles de se former lors du traitement par précipitation des effluents
contaminés par les métaux sont diverses. Des essais supplémentaires de traitement d’effluents
monomeétalliques devraient donc étre conduits pour alimenter la base de données du modéle de
nouvelles caractéristiques de déshydratation des boues. Ceci permettra d’élargir les champs

d’application de PITEM.

Une autre partie de recherche pourrait étre intégrée au progiciel PITEM, laquelle consiste a
I’¢tude de I’influence de 1’application du procédé de densification des boues, appelé en anglais
High Density Sludge (HDS) sur I’équilibre des métaux et ¢léments en solution, ainsi que sur la
production de boues métalliques et la consommation de réactifs de précipitation. Des essais de
traitement de divers types d’effluents (monométalliques, multimétalliques et effluents réels)
devraient étre menés avec recirculation des boues métalliques pour au moins une dizaine de
cycles. Une fois ces essais terminés, les caractéristiques de déshydratation des boues métalliques

seraient introduits dans la base de données de PITEM.

Finalement, la présente thése de doctorat a permis de développer, pour la toute premiére fois, un

modele informatisé permettant a la fois de prédire : 1) 1’équilibre des espéces chimiques en
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solution et des précipités formés lors du traitement d’effluents métalliques; 2) le comportement
de déshydratation des boues métalliques; et 3) les colits de traitement de ces effluents et de
gestion des boues métalliques. Cet outil informatis¢ permet aux décideurs de définir, selon la
situation rencontrée (concentrations et types de métaux en solution, normes en vigueur, colts des
produits chimiques et de disposition des boues métalliques), la meilleure option d’un point de
vue technico-économique, pour le traitement par précipitation d’effluents chargés en métaux

toxiques.
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Résumé

Au début du 21°™ siécle, la pollution par les métaux lourds des eaux souterraines et de surfaces,
continue de représenter un défi pour les autorités responsables de la protection de
I’environnement. Les rejets incontrolés des métaux dans les écosystémes comme I’Ag, As, Be,
Cd, Cr, Cu, Hg, Ni, Pb, Sb, TI et Zn, constituent de graves menaces pour la santé humaine et
animale. Plusieurs méthodes de traitement des eaux contaminées par les métaux ont été
proposées au cours des dernicres décennies. Cependant, la technique de précipitation des métaux
reste I’option la plus favorable a I’échelle industrielle pour des raisons technico-économiques et
de simplicité. La revue suivante présente les connaissances actuelles sur les différentes
techniques alternatives de précipitation des métaux. La discussion porte sur les caractéristiques
spécifiques des contaminants métalliques, ainsi que de leurs comportements vis-a-vis des

différentes techniques de précipitation.
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2. METALS PRECIPITATION FROM EFFLUENTS — A REVIEW

2.1 Abstract

At the onset of 21 century, the pollution of surface and groundwater by toxic metals continues
to represent a challenge for the authorities responsible for environmental protection. The
uncontrolled rejection of metals in aquatic ecosystems such as Ag, As, Be, Cd, Cr, Cu, Hg, Ni,
Pb, Sb, Tl and Zn, constitute a serious threat to human and animal health. Several methods of
treatment of waters polluted by metals have been proposed during the last several decades.
However, the technique of precipitation of metals remains the most favorable option on an
industrial scale due to reasons of cost-effectiveness, performance and simplicity. The present
review presents current knowledge on various technical alternatives for precipitation of metals.
The discussion relates to the individual characteristics of the metal contaminants, as well as their

behavior compared to various techniques of precipitation.
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2.2 Keywords

Precipitation; Metal; Removal; Water; Hydroxide; Sulphide; Carbonate; Phosphate.

2.3 Nomenclature

AMD acid mine drainage

BDETH?2 benzene-1,3-diamidoethanethiol

DDTC diethyldithiocarbamate

DMTC dimethyldithiocarbamate

DTC dithiocarbamate

Na,BDP disodium N,N’-bis-(dithiocarboxy)piperazine
PDD potassium dipropyl dithiophosphate
PyDETH2  pyridine-2-6-diamineethanethiol

STC sodium thiocarbonate

TMT 2,4,6-trimercapto-1,3,5-triazine
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2.4 Introduction

Environmental contamination with heavy metals is a consequence of technological and industrial
advances (Davydova 2005; Nriagu 1996; Nriagu and Pacyna 1988; Wong et al. 2006). The
principal problem associated with this anthropogenic contamination is toxicity against all living
organisms, in particular, humans (Baath 1989; Chapman et al. 2003; Florea and Biisselberg
2006; Galvin 1996; Sharma and Agrawal 2005). The risks associated with the presence of
potentially toxic metals in soils and waters are rather well known and well documented (Allen
2002; Kabata-Pendias 2001; Lippmann 2000). It is, therefore, essential to remove or reduce the
presence of these inorganic contaminants in order to diminish the possibility of uptake by plants,
animals and humans and eventual accumulation in the food chain and also to prevent them from
contaminating surface and groundwater by dissolution or dispersion (Kabata-Pendias 2001;

McLaughlin et al. 2000).

For these reasons, lot of research has been carried out in the last decades to develop efficient and
cheap methods for the treatment of metal-polluted effluents (Blais et al. 1999; Kurniawan et al.
2006). Table 2.1 illustrates the principal technologies used and proposed for the removal of
potentially toxic metals from effluents. Among these technologies, precipitation is the most
widely used approach for the removal of metals from groundwater, surface water and industrial
effluents (FRTR 2005; Levasseur et al. 2005; Mirbagheri and Hosseini 2004). This review
discusses different precipitation techniques used for the removal and recovery of toxic metals

from effluents.
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2.5 Chemical precipitation

Metals can be removed by precipitation as metal oxides/hydroxides, sulphides, carbonates and
phosphates. Selective metal precipitants have also been developed in the last few years for the
removal of toxic metals from effluents. Oxidation/reduction reactions can also be used for the
precipitation of specific metal contaminants, like As and Cr. Most cheaper and efficient
technological options often involve biological activities for the precipitation of metals from
industrial effluents. Coagulation-flocculation techniques can also be used in combination with
precipitation methods to treat metal-contaminated solutions. These methods are discussed in the

following sections.
2.5.1 Metal hydroxides

From a chemical point of view, precipitation is a complex phenomenon resulting from the
formation of conditions of supersaturation. Simply speaking, it can be described according to the
three steps: 1) nucleation or germination, 2) crystalline growth, and 3) flocculation (Patterson

1988).

Nucleation was studied by various authors, in particular, with regard to the removal of zinc and
iron originating from the acid mining drainage (Zinck and Aubé 1998). Nucleation or
germination corresponds to the appearance of the first germ by condensation of metal salts,
followed by the growth of this germ until the stage of supersaturation of the solution and the

formation of the solid (Duan and Gregory 2003).

The behavior of a metal in an aqueous solution is controlled by its chemical speciation, i.e. ionic
and molecular species which it forms. If there are no other complexing ligands other than the

hydroxide (OH °) ions in solution, the metal cation (M *") will be often hydrolyzed and the
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complex obtained is generally a function of the pH. The complexes formed can be cations (e.g.,
M(OH) ,.; ), neutral molecules (e.g., M(OH) 7 (aq)), or anions (e.g., M(OH) ,+; ), where, Z is the
oxidation state of the metal. In addition to these mononuclear complexes, polynuclear species
containing more than one metal atom (e.g., Mx (OH)y,» >") can be formed. All these reactions of
hydrolysis play a significant role in the chemistry of water and, consequently, the solubility of

metals in water (Dyer et al. 1998).

From a practical point of view, soluble metals can be recovered in insoluble forms as hydroxides
according to Equation 1 by using several alkaline reagents, like lime (CaO or Ca(OH) »),
Mg(OH) ,, NaOH and NH4OH (Meunier et al. 2002, 2006; Mirbagheri and Hosseini 2004;

Viadero et al. 2006).

Equation2.1  M*' +2(OH) < M(OH),|

The precipitation of metals in the form of metal hydroxides can also be achieved by use of by-

products, such as fly-ashes from incinerators (Gitari et al. 2006).

Majority of metals, namely, Cd, Co, Cu, Mn, Ni and Zn precipitate at a pH greater than six or
seven, providing possibilities of separation of the ferric ions (Fe(3+)), which precipitate at a pH
lower than five (Brooks 1986; Hayes 1985). The minimal solubility of the hydroxides of the
majority of metals is reached at an approximate pH of 9.5- 10.0 (Charerntanyarak 1999; Dyer

et al. 1998).

The formation of the hydroxides at different pH (according to solubility curves) does not

however allow, in the majority of the cases, obtaining a precipitate of good quality (mixed
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precipitate) due to the potential of coprecipitation coupled with capacity of ionic exchange and

adsorption of these hydroxides (Blais et al. 1999; Brooks 1986; Couillard and Mercier 1992).

Table 2.2 presents the values of pK; (- Log Ks,) of various metal hydroxides. The descending
order of the solubility of hydroxides is noted as follows : Tl(+) > Ba(2+) > Ca(2+) > Ag(+) >
Mg(2+) > Mn(2+) > Cd(2+) > Cu(+) > Ni(2+) > Co(2+) > Fe(2+) > Zn(2+) > Pb(2+) > Cr(2+) >
Cu(2+) > Be(2+) > Hg(+) > Hg(2+) > Sn(2+) > Cr(3+) > Al(3+) > Fe(3+) > Co(3+) > TI(3+) >

Sb(3+) > Sn(4+).

During precipitation, cyanides cause interference, whereas sequestering agents, like EDTA or

NTA, inhibit elimination of metals (Lin et al. 1998).

Moreover, presence of highly acidic effluents containing sulphates involves formation of large
quantities of secondary precipitates (CaSO4.2H,0) when alkaline agents such as calcium
hydroxide (hydrated lime) are used. This considerably increases quantity of metallic sludges and
raises costs of handling and disposal (Baltpurvins et al. 1997, Jiittner et al. 2000). They can also
destabilize primary metal precipitate by inducing formation of colloids and hence solid/liquid
separation stage becomes more difficult (Blais et al. 1999; Viadero et al. 2006). For the given
reason, it is often preferable to use alkaline agents such as NaOH and NH4OH, which form

soluble by-products, when recovery of metals is necessary.
2.5.2 Metal sulphides

Metal precipitation as sulphide, which is described in Equation 2, is carried out using reagents
like Na,S, NaHS, H,S or FeS (Al-Tarazi et al. 2004; Marchioretto et al. 2005; Robinson and

Sum 1980).
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Equation22 M*+S* o MS|

In the case of acidic effluents, it is however necessary to carry out initial partial neutralization
with a base, such as NaOH, prior to the addition of sulphides (Charerntanyarak 1999). This step

is necessary to avoid the formation of pollutant gas, H,S.

Table 2.3 shows the pKj values of different metal sulphides. In general, metal sulphides exhibit
lower solubility than their hydroxide counterparts, achieving a more complete precipitation, and
providing a better stability over a broader pH range (Islamoglu et al. 2006). The comparison of
Tables 2.2 and 3 shows that the sulphides of following metals are more insoluble than the
corresponding hydroxides: Cd(2+), Co(2+), Cu(+), Cu(2+), Fe(2+), Fe(3+), Hg(+), Hg(2+),

Pb(2+), Ni(2+), Ag(+), TI(+), Sn(4+) et Zn(2+).

Precipitation by sulphides also has other advantages when compared with precipitation by
hydroxides: 1) the residual metal concentrations in the effluents are lower; 2) the interference of
the chelation agents in wastewater is less problematic; 3) precipitation gives better selectivity;
4) high reaction rates result from low hydraulic retention time; 5) sulphide sludges show
properties of thickening and drying better than hydroxide sludges, and 6) certain metal sulphides
can be treated in the foundries for the recovery of metals (Kim and Amodeo 1983; Kim et al.

2002).

However, sulphide precipitation is generally more expensive than hydroxide precipitation.
Moreover, there are also safety concerns associated with the possibility of H,S formation in
acidic conditions or when the molar concentrations of sulphide ions exceed the molar

concentrations of metals in solution (Veeken and Rulkens 2003).
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2.5.3 Metal carbonates

The carbonates, such as Na, CO; and CaCQs, can also be used for the neutralization of solutions
and the precipitation of metals (Guillard and Lewis 2002; McAnally et al. 1984; Preis and
Gamsjager 2001; Sun and Huang 2002). The reaction of carbonate ions and divalent metal ions is

illustrated in Equation 3.

Equation2.3  M* + (CO3)* & M(CO3)|

Table 2.4 presents the values of pK; of various metal carbonates. The majority of carbonates
have solubility greater than the metal hydroxides. In fact, higher values of pKj are noted only for

carbonates of Ba(2+), Ca(2+), Ag(+) et Tl(+) when compared to the corresponding hydroxides.
2.5.4 Metal phosphates

Although seldom practised, it is possible to remove metals in solution through insoluble metal
phosphate formation as described in Equation 4 (Mavropoulos et al. 2002; Naeem et al. 2003;

Pigaga et al. 2002).

Equation 24 3 M* +2 (PO,)* & M;3(PO,),|

The addition of soluble salts of phosphate or minerals (e.g. apatite and hydroxyapatite) is a
technique which has been proven reliable for the immobilization of metals in the soils and wastes

(Bolan et al. 2003; McGowen et al. 2001; Porter et al. 2004).
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Table 2.5 presents the values of pKs of various metal phosphates. The majority of phosphates
have lower solubility than the metal hydroxides. In fact, higher values of pKs are noted for
following phosphates in comparison with the corresponding hydroxides : Ba(2+), Be(2+),
Cd(2+), Ca(2+), Co(2+), Cu(2+), Fe(2+), Hg(+), Pb(2+), Mg(2+), Mn(2+), Ni(2+), Ag(+) et

Zn(2+).
2.5.5 Selective precipitating agents

Several precipitating agents have been developed in the last years for chemically precipitating
divalent and univalent heavy metals from water and effluents. The most heavy metal chelators
being studied currently are dithiocarbamate (DTC) and their ramifications have been well
reported (Andrus 2000; Fu et al. 2006; Matlock et al. 2002). This type of precipitants can be

divided into two categories: macromolecular trapping agents and small molecular precipitants.

The first category includes xanthate (Chang et al. 2002), polymerized ethylenedichloride-
ammonia dithiocarbamates or polydialkylaminedithiocarbamates. Small molecular precipitants
are commonly marketed in two forms, diethyldithiocarbamate (DDTC, (C,Hs),NCS,;Na.3H,0)
(Andrus 2000) and dimethyldithiocarbamate (DMTC, (CHj3),NCS,;Na.2H,0) (Andrus 2000;

Fu et al. 2006).

One of the most well known is the 2,4,6-trimercapto-1,3,5-triazine, trisodium salt nonahydrate
(TMT) (Na3;S;C35N3.9H,0) manufactured by Degussa (Matlock et al. 2001). This reagent reacts

with divalent ions according to the Equation 5:

Equation 2.5 2 (S3C3N3)* + 3 M* — M;3(S3C3Na),|
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This reagent can be used to precipitate metal ions such as Ag(+), Cd(2+), Hg(+), Hg(2+), TI(+),

Pb(2+) and Zn(2+) from industrial wastewaters and polluted natural waters (Henke et al. 2001).

Another chemical reagent for precipitating divalent heavy metals from water is Thio-Red®,
which is manufactured by ETUS Inc. This reagent contains potassium/sodium thiocarbonate
(STC) ([Na, K],CS5.nH,0) (Henke 1998; Matlock et al. 2002). Thio-Red® precipitates metal
thiocarbonates (MCS3, where M = Cd(2+), Cu(2+), Ni(2+), Pb(2+), Zn(2+) and other divalent

metal ions), which may be produced through the following generation reaction:

Equation2.6  CS;” + M** — MCS;|

Recently, a process of coordination polymerization precipitation has been proposed by Fu et al.
(2006, 2007). This includes the use of a two dithiocarboxy-group potential bridging ligand,
disodium N,N’-bis-(dithiocarboxy)piperazine (Na,BDP) ((CH,)4(NCS;Na),.6H,0) for Cu and Ni

precipitation from solution.

Dipropyl dithiophosphate has also been proposed by Ying and Fang (2006) as another potential
metal precipitating agent. The reaction equation of that molecule (take potassium dipropyl
dithiophosphate (PDD) as an example) and heavy metal, such as lead, cadmium, mercury and

copper, is as follows:

Equation2.7 2 C¢H,0,PS,K + M** — Cp,Hy0,P,SM | +2 K*
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The principal advantages of using metal precipitant agents are: 1) the formation of metal
compounds which have a very low solubility and, 2) the lesser production of metallic residue in
comparison to the production of metallic sludge using common chemicals, like sodium
hydroxyde or lime. However, the high cost of these reagents inhibits their use for different

industrial applications (Meunier et al. 2002).
2.5.6 Metal oxidation and reduction

Reductive and oxidative techniques may also be used to detoxify or decrease the mobility of
metal pollutants in groundwater. This appoach is commonly used in pump and treat operations,
but can also be performed in situ by injection of the chemical into the groundwater (Evanko and
Dzombak 1997). Potassium permanganate, hydrogen peroxide, hypochlorite or chlorine gas can
be used for oxidization reactions, whereas reduction reactions are induced by the addition of
alkali metals such as sodium, sulphur dioxide, sulphite salts and ferrous sulphate

(Vanbroekhoven et al. 2005).
2.5.7 Bioprecipitation

The effluents containing metals can also be treated in biological systems in which metals are
precipitated by the action of microorganisms (Moller et al. 2004). These systems also include
passive systems of constructed wetlands (Maine 2006; VanRoy et al. 2006), or, of the biological
reactors comprising specifically sulphate reducing microorganisms (Kaksonen et al. 2003; Mack

et al. 2004; White et al. 1998).

When the groundwater or contaminated surface water are treated in a wetland ecosystem, metals
are removed by different processes, including ion exchange, adsorption, absorption, and

precipitation followed by different oxidation and reduction reactions of geochemical and
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biological origin. Principally, in wetland systems, the ion exchange reactions are attributed to
contact of metals with humic acids and the organic substances. In addition, oxidation and
reduction reactions catalyzed by bacteria present in the aerobic and anaerobic zones of the
wetlands play a major role in the precipitation of metals in the forms of hydroxides and
sulphides. Precipitated and adsorbed metals elute in the stagnant water basins or are filtered by
passage through the plants. The wetlands technology has been very much used during the last
decades in the treatment of the acid mine drainage (AMD) (Sheoran and Sheoran 2006; USEPA

1993).

Several types of reactors have been devised for the removal of metals by means of the sulphide
generated by sulphate-reducing bacteria (Wildeman et al. 1995). The responsible
microorganisms are notably species of Desulphovibrio. The sulphide formed by these anaerobes
has also been used to treat metal-contaminated groundwater pumped through a biological

treatment system (Barnes et al. 1994).
2.5.8 Coagulation-flocculation

Coagulating agents such as aluminium and iron salts are often added after metal precipitation to
favorize the precipitates separation (Duan and Gregory 2003; Licskdé 1997). This coagulation
process destabilizes colloidal particles and improves their sedimentation. To increase the particle
size, coagulation is followed by the flocculation of the unstable particles into bulky particles
(Semerjian and Ayoub 2003). Organic polymers which are made of modified polyacrylamide are
usually used for this flocculation step (Charerntanyarak 1999; Viadero et al. 2006). Iron/cationic
polymer blends and aluminium/cationic polymer blends are also available in the market (Andrus
2000). The metal precipitates separation is carried out in a settling tank (Alves et al. 2005). The

resulting metallic sludge can be dewatered by filtration (Viadero et al. 2006).
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2.6  Metallic pollutants

Majority of the metal elements in the periodic table of the elements can be toxic when they are
adsorbed in higher concentration by the living organisms (Kabata-Pendias 2001; Lippmann
2000). However, certain toxic metals are normally present in the environment at elevated
concentrations, are the subject of investigation for public health and animal protection
authorities. As an example, USEPA indexes a dozen priority metal contaminants. These metals
include : Antinomy (Sb), Arsenic (As), Beryllium (Be), Cadmium (Cd), Chromium (Cr), Copper
(Cu), Mercury (Hg), Lead (Pb), Nickel (Ni), Selenium (Se), Silver (Ag), Thallium (TI), and Zinc
(Zn). Table 2.6 summarizes the principal problems of human toxicity associated with these
pollutants. The following sections describe some significant characteristics of these

contaminants, as well as their behavior compared to various techniques of precipitation.
2.6.1 Antimony

In antimony compounds, the most common oxidation states are 5+, 3+, and 3-. Antimony exists
mainly as Sb(3+) and Sb(5+) in environmental, biological, and geochemical samples (Filella
et al. 2002). Under oxic conditions, antimony is usually present as Sb(5+) in solution, whereas
Sb(3+) is dominant in anoxic systems. SbO," is the species of Sb(5+) existing in solution under
very acidic conditions and the anion [Sb(OH)e] is the main species present under mildly acidic,

neutral, and alkaline conditions.

The trivalent form of Sb is usually more toxic than the pentavalent form (Flynn et al. 2003). The
relatively low solubility (pKs = 49.1) of antimony hydroxide (Sb(OH)3) in water limits the ionic
species formed by Sb(3+) in solution. Sb(3+) is present as Sb(OH)," in acidic media and as

Sb(OH), under basic conditions. The free Sb>* ion is stable in solution only in highly acidic
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media. In anoxic conditions, and in the presence of sulphur, antimony forms insoluble stibnite,

Sb,S;3(s), and soluble Sszz', depending on pH.
2.6.2 Arsenic

Arsenic, a metalloid, exists in the soil environment as arsenite (As 3+) or as arsenate (As 5+)
(Terlecka 2005). Both forms of this element are highly toxic. However, arsenate is less water
soluble than arsenite and is relatively immobile in soil (Magalhaes 2002). Arsenite compounds
(e.g. AsO5>) can be formed in anaerobic conditions by reduction of arsenate (e.g. AsO4”). The
most common method of removing arsenic from aqueous process streams is to precipitate the
sulphide As,S;, or metal arsenates (Leist et al. 2000; Magalhaes 2002; USEPA 1992).
Arsenic(5+) can be precipitated from process solutions below about pH = 2 with Fe(3+) to form
ferric arsenate (FeAsO4.2H,0, pKs =20.3). Other metal arsenate precipitates (e.g.
calcium/magnesium arsenates) can also be formed as it shown in Table 2.7. Arsenite present in
water can be biologically-oxidized in arsenate, which is precipitated out more readily by
treatment with ferric ions (Williams and Silver 1984). Arsenic chemistry and removal

technologies have been reviewed by Jiang (2001) and Leist et al. (2000).
2.6.3 Beryllium

Beryllium occurs most often as the divalent cation. The principal ions are BeO,”, Be,05”, BeO®
and Be,O”". In the alkaline environment, Be forms complex anions such as Be(OH)CO;™ and
Be(C03)22'. Be is uncommon in natural waters but is sometimes found as the chloride, nitrate and
sulphate salts. These compounds are relatively soluble in water in the following the sequence: CI
>NO;>S04>". Be also forms soluble complexes with anions such as citrate, fluoride, oxalate, and

phosphates. Be containing effluent can notably be treated by formation of insoluble Be(OH),

98



(pKs =21.1) using caustic soda (Sankhesara and Kamath 1980). Be can also be efficiently
removed from solution as Be phosphate (Be3(POs),, pKs = 38.6). The environmental chemistry

of Be has been discused in details by Taylor et al. (2003) and Vesely et al. (2002).
2.6.4 Cadmium

Cadmium (Cd) is almost always found in the 2+ valence state. In solution, Cd occurs in different
forms (Cd*", CdCI", CdOH", CdHCOs", CdCly, CdCl*, Cd(OH)s, Cd(OH);* and organic
chelates). Cd forms several complexes with anions: halides, nitrate, sulphate, thiosulphate,
ammonia and cyanide, generally not very stable. A large number of salts and basic salts of Cd
are sparingly soluble or very sparingly soluble, i.e., hydroxide (pKs = 13.6), carbonate

(pKs= 12.0), phosphate (pKs = 32.6) and sulphide (pK; = 26.1).
2.6.5 Chromium

Cr shows highly variable oxidation states (2+, 3+ and 6+) and it is also known to form complex
cationic and anionic ions (e.g., Cr(OH),", CrO4*). Naturally occuring Cr compounds have
principal valences of 3+ (chromic) and 6+ (chromate). The hexavalent form (HCrO,, CrO,* and
Cr2072') is toxic and highly soluble in water, whereas trivalent form is considerably less toxic,

less water soluble, and hence less mobile in soil.

The Cr(3+) ions form complexes with chlorides, fluorides, sulphates, ammonium salts, cyanides,
sulphocyanides, oxalates and citrates. In most cases, the trivalent chromium can be efficiently

removed from solution by precipitation as chromium hydroxyde (Cr(OH)3, pKs = 30.2).

Although most heavy metals can be precipitated readily by pH adjustment, Cr(6+) is highly
soluble and does not precipitate out of solution at any pH adjustment. Consequently, treatment

for Cr(6+) usually consists of a two-stage process (Avudainayagam et al. 2003). First, the
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reduction of Cr(6+) to Cr(3+) and, second, the precipitation of Cr(3+) as Cr(OH)s. Reducing
agents commonly used are sulphur dioxide or a solution of sodium bisulphate. Other suitable
reducing agents include sodium sulphite, sodium hydrosulphite, and ferrous sulphite. Cr(6+)
present in soils and the groundwater can also be reduced biologically to Cr(3+) following
addition of an organic substrate (e.g. manure, benzoate, molasses) (Chirwa and Wang 1997; Losi
et al. 1994). The reduction of hexavalent chromium could equally be done by generation of H,S

in anaerobic medium in the presence of sulphates (Sulzbacher et al. 1997).

The chromates of the alkali metals, and also ferric, cupric, manganous and magnesium chromates
are soluble, but the majority of the chromates of the other metals (e.g. Ba, Pb, Ag and TI) are

rather insoluble (Table 2.8).
2.6.6 Copper

Cu ions can exist in both an oxidized, cupric (Cu®"), or reduced, cuprous (Cu"), state.
Monovalent Cu forms complexes with chloride, nitrate, ammonia and thiosulphate, and salts
which are sparingly soluble such as cyanide, chloride, bromide, iodide, and sulphocyanide. The
precipitation of Cu(+) as sulphide (Cu,S, pKs = 47.6) is a more efficient option than as a copper

hydroxyde (Cu(OH), pK; = 14.7).

Divalent Cu forms complexes with chloride, amine, sulphocyanide, bromide, iodide, nitrate,
oxalate, and pyrophosphate, and soluble salts with the exception of ferrocyanide, sulphide and
carbonate. The solubility of copper hydroxide (Cu(OH),, pKs = 18.6) and carbonate (CuCOs3,
pKs= 11.5) is much greater than the solubility of copper phosphate (Cu3(POs),, pKs = 36.9) and
sulphide (CuS, pKs = 35.2). Cu precipitation in wastewater has been reviewed in details by

Baltpurvins et al. (1996a).
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2.6.7 Mercury

Mercury (Hg) exists in three oxidation states: Hg(0), Hg(1+), and Hg(2+). Anthropogenic
sources of mercury are numerous and occur worldwide (Lippmann 2000). Mercury and its
derivatives constitute toxins that accumulate slowly and are dangerous to life forms (Boszke
etal. 2002). Mercuryl ions (Hg”") generally form weaker complexes than do mercury ions
(Hg,”"). He" and (CH;),Hg are easily volatile fractions, whereas HgCl,, Hg(OH)Cl and Hg(OH),

are easily soluble compounds.

The following compounds of monovalent mercury are sparingly soluble: the halide, the chromate
(HgxCrOq, pKs = 8.7) and the sulphide (Hg,S, pK; = 47.0). Divalent mercury forms the following
weakly soluble compounds: iodide, thiocyanic and sulphide (HgS, pKs = 52.4). Moreover,
Hg(2+) forms a large number of complexes which are often quite stable: chloride, hydrobromic,

hydroiodic, thiocyanic, amine, sulphurous and thiosulphuric complexes.

Methods and technologies use to remove mercury from then environment have been recently
reviewed by Atwood and Zaman (2006). Removal of mercury by precipitating out using a
sulphur-containing ligand is an economical and efficient option. Sodium or potassium
dimethyldithiocarbamate (SDTC) and sodium thiocarbonate (STC) are the most used reagents
for Hg removal from effluent. Trisodium salt of 2,4,6-trimercaptotriazine (TMT) is also a
chemical reagent largely used for precipitating divalent and univalent heavy metals. However,
this ligand is even less effective than those mentionned earlier. TMT forms unstable complexes
with mercury. New efficient thiol-based ligands have been developed for Hg removal from
effluent. This includes pyridine-2-6-diamineethanethiol (PyDETH;) and benzene-1,3-

diamidoethanethiol (BDETH;) (Atwood and Zaman 2006).
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2.6.8 Nickel

The Ni(2+) form is most commonly found in aquatic and soil environments (Denkhaus and
Salnikow 2002; Watts 1998). The most prevalent Ni species in solution are Ni*", NiOH", HNiO,”
and Ni(OH)s". Nickel salts are reasonably soluble in water, except the ferri- and ferrocyanides,
sulphide (NiS, pKs = 18.5 to 25.7) and phosphate (Ni3(POs),, pKs = 31.3). Likewise, the
existence of the following complexes of Ni is known: hydrochloric and sulphuric (very stable),
amine (fairly stable), oxalic, thiocyanide, metaphosphoric, pyrophosphoric and cyanide

complexes.
2.6.9 Lead

Lead exists in two oxidation states: Pb(2+) and Pb(4+). Lead is one of the heavy metals with
relatively lower mobility and a tendency to adsorb to organic matter, clays and oxide/hydroxide
complexes by forming precipitates (Khan and Frankland 1983) such as Pb carbonates (PbCO;3,
2PbCO;Pb(OH),, 4PbCO;.2Pb(OH);) (Mercier et al. 2002; Zimdahl and Skogerboe 1977),
orthophosphates of Pb, primary pyromorphites and plumbogummites (last three formed in
anaerobic environment) (Nriagu 1974). The Pb(2+) forms complexes which are slightly stable
with nitrate, chloride, and cyanide, and other fairly stable complexes with acetic, organic
hydroxyl and thiosulphuric acids. Moreover, sparingly soluble salts of divalent Pb are the
chloride, bromide, iodide, fluoride, sulphate (PbSO,, pK; = 31.3) and carbonate (PbCOs,
pKs=13.1). Lead sulphide (PbS, pKs = 27.0) and phosphate (Pb3(PO4),, pKs = 43.5) are much

less soluble than lead hydroxide (Pb(OH),, pKs = 16.1).
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2.6.10 Selenium

Selenium, like sulphur, has four different oxidation states: selenide (Se(2-)), elemental Se
(Se(0)), selenite (Se(4+) and selenate (Se(6+)). Under strongly reducing conditions, Se(2-) is
stable and exists as insoluble metal selenides (Table 2.9). In the moderate redox potential
condition Se(4+) is the major species, whereas Se(6+) is predominant at high redox potentials
(Séby et al. 2001). The biological reduction of the selenate and selenite can be used for
formation of elementary Se which is less toxic and insoluble. The dominant hydrolysis
complexes for the 2-, 4+ and 6+ oxidation states of Se are HSe, HSeO;, and SeO42',
respectively, in the pH range of 3 to 9. Se(4+) can be notably removed from solution by

precipitation using ferric salts (Sasidhar et al. 1991).
2.6.11 Silver

Silver is found in the environment in four oxidation states: 0, 1+, 2+, and 3+, with 0 and 1+
being the most common, while 2+ and 3+ are seldom seen naturally in the environment. Ag can
form several ionic species, such as simple cations (Ag’, Ag”", AgO") and complexed anions,
mainly with Cl and S: AgCly, AgCl*, AgCl, Ag(HS),, AgS:H,”, Ag(S:;0s3),”, and
Ag(SOy),”. Silver forms a large number of complexes, some of which are very stable, e.g. the
thiosulphuric and cyanide complexes. Almost all silver salts are sparingly soluble; the nitrate,
perchlorate, fluoride, acetate and chlorate are soluble. Humic substances are also known to
absorb and complex Ag. Soluble Ag can be notably removed from effluent by precipitation as

AgCls) (pKs = 9.8) using a chloride salt (e.g. NaCl) (Hendrickson et al. 1984).
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2.6.12 Thallium

In geochemical environments, Tl is known to occur in three oxidation states, 1+, 2+, and 3+
(Glaser 1995). T1(3+) concentration in solution is normally very low when the pH > 3.0 (Lin and
Nriagu 1998). By contrast, Tl(1+) is very soluble. Thallium can be removed from solution by
precipitation using lime or caustic at pH 8 to 10 (Twidwell and Williams-Beam 2002). If thallous
ions are present sodium hypochlorite can be added as a preliminary step to oxidize the thallous
specie to the thallic form. Thallic hydroxide precipitates along with other metal hydroxides. The

slurry is then treated by conventional coagulation.
2.6.13 Zinc

Zinc is almost always found in the Zn(2+) valence state. Zinc is highly mobile metal present in
groundwater in soluble forms at neutral and acidic pH (Smith et al. 1995). Zinc forms complexes
with amine, cyanide, thiocyanide, oxalic and hydrochloric complexes, and others with ethylene
diamine, pyridine, aniline and hydrazine. There is a large number of sparingly soluble Zn
compounds, including the following: cobalticyanide, ammonia-zinc phosphate, the iodate and
ZnCO; (pKs = 10.0). Zinc sulphide (pKs = 23.0-24.3) and phosphate (pK; = 35.4) are much less

soluble than zinc hydroxide (pKs = 15.7).
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2.7 Computer modelling for metals precipitation

Many computer programs have been developed to predict metal speciation in natural waters, soil
solutions, synthetic solutions and industrial effluents (Chaston et al. 1996; Del Piero et al. 2006;
Suarez and Goldberg 1994). A list of different computer programs for metal speciation is given
in Table 2.10. These models can be used to get good approximations of the residual metal
concentrations in solution for different metal precipitation and leaching scenarios (Accornero
et al. 2005; Apul et al. 2005; Gomez del Rio et al. 2006; Ettler et al. 2006; Halim et al. 2005).
However, there is a lack of computer software or mathematical model allowing to compare, from
a techno-economic point-of-view (chemicals consumption and cost, sludge management
(dewatering, transportion, disposal) cost, e.g.), different methods of metal precipitation. There is
a need to develop such tools which could be largely used in different industries like metallurgy,

mining, metal finishing, and petrochemistry.
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Tableau 2.1

Technologies for treatment of effluents polluted with heavy metals

Types of technology

Examples of technology

References

Chemical precipitation

Bioprecipitation

Ion exchange

Adsorption

Biosorption

Physical separation

Electrochemical
separation

Solvent extraction

Flotation

Cementation

Precipitation as metal hydroxide, sulphide,
carbonate or phosphate, oxidation/reduction
reaction

Constructed wetland, bioreactor (sulphate-
reducing bacteria)

Synthetic resin (sulphonic, carboxylic,
thiocarbamate, thiols, hydroxyl, amide groups),
chelating exchange resin (phosphonic,
aminophosphonic, iminodiacetate, oxime
groups), solvent impregnated resin (DEHPA,
PEIMPA), natural material (zeolite, clay)

Granulated activated carbon (GAC), activated
alumina, lignin, chitosan, alginate, zeolite, clay,
fly-ash, peat, wool, cotton, natural oxide

Agro-industrial (fruit/cereal shell, peel or husk)
biomass, forestry (bark, leave, sawdust) biomass,
algae, bacteria, fungi, terrestrial and aquatic plant
(phytofiltration or phytoaccumulation), sewage
sludge, yeast

Microfiltration, ultrafiltration, nanofiltration,
reverse osmosis, membrane pervaporation, freeze
crystallization, distillation

Electrocoagulation, electrodeposition,
electrodialysis, electrochemical peroxidation

Bis-(2-ethyl-hexul)phosphoric acid (D2EHPA),
bis-(2,4,4-trimethylpentyl)-phosphonic acid,
hydroxyoximes, tri-n-octylmethylammonium

Dissolved-air flotation (DAF), sorptive flotation

Iron, aluminium

Baltpurvins et al. (1996a,b, 1997);
Couillard and Mercier (1992);
USEPA (2000)

Robinson and Sum (1980)

Kaksonen et al. (2003);
Mack et al. (2004);
Maine et al. (2006);
VanRoy et al. (2006)

Dabrowski et al. (2004);
Juang et al. (2003)

Lin et al. (2000);
Mondal and Das (2004)

Bailey et al. (1999);

Babel and Kurniawan (2003);
Wang et al. (2003);
Wingenfelder et al. (2005)

Al-Asheh and Duvnjak (1999);
Gardea-Torresdey et al. (2004);
Kamal et al. (2004);

Kapoor and Viraraghavan (1995);
Kurniawan et al. (2006);

Romera et al. (2006)

Ben Frares et al. (2005);
Brooks (1986);
DiPalma et al. (2003);
Lin et al. (2004)

Arienzo et al. (2001);
Djedidi et al. (2005);

Juang and Wang (2000);
Lai and Lin (2006);
Meunier et al. (2004, 2006)

Belkhouche et al. (2005);
Lin et al. (2002);
Silva et al. (2005)

Aldrich and Feng (2000);
Doyle (2003);

Lazaridis et al. (2001);
Zamboulis et al. (2004)

Brooks (1991);
Hayes (1985);
Nelson et al. (2000)
USEPA (1992)
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Tableau 2.2 Constants of solubility products of metal hydroxides

Metals State oxidation = Reactions PKs
Aluminium (3+) Al(OH); (alpha) <> 3 OH® + AI®" 33.5
Antinomy (34) Sb(OH); <> 3 OH" + Sb*" 49.1
Barium (2+) Ba(OH), < 2 OH" + Ba®" 2.3
Beryllium (24 Be(OH), (alpha) <> 2 OH® + Be®" 21.1
Cadmium (2+) Cd(OH), <> 2 OH® + Cd*" 13.6
Calcium (2+) Ca(OH), (portlandite) <> 2 OH® + Ca*" 53
Chromium (2+) Cr(OH), <> 2 OH” + Cr'*" 17.2
3+ Cr(OH); <> 3 OH” + Cr*" 30.2
Cobalt (24 Co(OH), <> 2 OH" + Co*"” 14.8
3+ Co(OH); <> 3 OH" + Co®" 443
Copper (14 Cu(OH) < OH" + Cu™ 14.7
(24 Cu(OH), < 2 OH" + Cu®” 18.6
Iron 2+ Fe(OH), <> 2 OH" + Fe®” 15.1
(34) Fe(OH); <> 3 OH" + Fe®” 37.4
Mercury (1+) Hg,(OH), <> 2 OH" + Hg,*" 23.7
2+ Hg(OH), <> 2 OH” + Hg®*" 254
g g
Lead (24 Pb(OH), <> 2 OH" + Pb®" 16.1
Magnesium 2+ Mg(OH), <> 2 OH® + Mg®" 10.8
Manganese 2+ Mn(OH), <> 2 OH" + Mn*" 12.7
Nickel (2+) Ni(OH), <> 2 OH” + Ni*” 14.7
Silver (1+4) Ag(OH) < OH” + Ag™" 7.7
Thallium (1+) TIOH « OH® + T1) 1.1
3+ TI(OH); < 3 OH® + TI¢V 452
Tin (2+) Sn(OH), <> 2 OH” + Sn®" 28.1
+ n| 4> 7+ Sn .
4+ Sn(OH), <> 4 OH” + Sn*" 56.0
Zinc 2+ Zn(OH), < 2 OH" + Zn®" 15.7
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Tableau 2.3 Constants of solubility products of metal sulphides

Metals State oxidation = Reactions pKs
Barium (2+) Ba$S <> Ba®" + §® 33
Beryllium (24 BeS < Be?? + §@) -6.5
Cadmium 2+) Cds (greenockite) <> Cd@" + &) 26.1
Cobalt (24 CoS (alpha) <> Co®" + §&) 20.4
Copper 1+ Cu,S & 2 Cu?+ 8% 47.6
(24 CusS (covellite) < Cu®” + S* 352
Tron 2+ FeS < Fe® 4+ §® 17.2
(34 Fe,S; > 2 Fe®V +3 §® 85.0
Mercury (14) Hg,S < Hg,*" + 8® 47.0
24 HgS (cinnabar) <> Hg®" + S® 524
Lead (24 PbS (galene) <> Pb®" + §&) 27.0
Manganese 2+ MnS (pink) <> Mn®? + §&) 9.6
(24 MnS (green) <> Mn®? + 8% 12.6
Nickel 2+ NiS (alpha) <> Ni®" + §&) 18.5
24 NiS (gamma) < Ni®" + §*) 25.7
Silver (1+) Ag,S (acanthite) <> 2 Ag + §@ 49.2
Thallium (1+) TLS < 2 TI® + 8 20.1
Tin (2+) SnS < Sn®? + 8 25.0
4+ SnS, <> Sn*? +2 §@ 70.0
Zinc (24 ZnS (sphalerite) <> Zn®" + §® 23.0
2+) ZnS (wurtzite) <> Zn*? + 8 243
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Tableau 2.4 Constants of solubility products of metal carbonates

Metals Oxidation State Reactions PKs
Barium (2+) BaCO; (witherite) <> Ba®" + CO,*’ 8.6
Cadmium (24 CdCO; (otavite) <> Cd*" + CO,*) 12.0
Calcium (2+) CaCOs (calcite) <> Ca®? + CO,? 8.5
(24 CaCO; (aragonite) <> Ca®? + CO,*) 8.3
Cobalt (2+) CoCO; > Co®" + CO,™ 10.0
Copper 2+ CuCO; & Cu®"” + CO,*» 11.5
Tron (24 FeCOs (siderite) <> Fe?? + CO,? 10.2
Mercury (1+) Hg,CO5 < Hg,*" + CO,® 16.1
Lead (2+) PbCO; (cerrusite) <> Pb?" + CO,® 13.1
Magnesium 2+ MgCO; (magnesite) <> Mg®" + CO,* 7.5
24 MgCO0;.3H,0 < 3 H,0 + Mg®" + CO,® 47
Manganese 2+ MnCO; (thodochrosite) <> Mn®” + CO;*? 10.6
Nickel (24 NiCO; <> Ni*" + C0O,*’ 6.9
Silver (1+) Ag,CO; 2 Ag™ + CO,* 11.1
Thallium (14 TLCO; > 2 TIY + CO;* 38
Zinc (2+) ZnCO; (smithsonite) <> Zn*" + CO;* 10.0
(24 ZnCO;.H,0 < H,0 + Zn®" + CO,*) 10.3
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Tableau 2.5

Constants of solubility products of metal phosphates

Metals Oxidation State Reactions PKs
Aluminium (3+) AIPO, — AI°Y + PO, 225
Barium (2+) Ba;(PO,), <> 3 Ba®” +2 PO,*) 29.3
Beryllium (2+) Be;(POy), < 3 Be“” +2 PO, 38.6
Cadmium (2+) Cdy(PO,), ~ 3 Cd*" + 2 PO, 32.6
Calcium (2+) Cas(POy), (beta) < 3 Ca®” +2 PO, 28.9
24 CaHPO, — H" + Ca®? + PO, 19.3
(24 CaHPO,.2H,0 < 2 H,0 + H"+ Ca®"” + PO, 19.0
Cobalt (2+) Co3(PO,), > 3 Co®? +2 PO, 34.7
(2+) CoHPO, < H" + Co®" + PO, 19.1
Copper (24 Cus(PO,), > 3 Cu®? +2 PO, 36.9
24 Cu3(PO,),.3H,0 < 3 H,O + 3 Cu®” +2 PO, 35.1
Iron 2+ Fe3(PO,), <> 3 Fe®? +2 PO, 36.0
2+ Fe;(PO,),.8H,0 < 8 H,0 + 3 Fe®” + 2 PO, 36.0
(34) FePO, < Fe®? + PO, 25.8
(34) FePO,.2H,0 « 2 H,0 + Fe®" + PO, 26.4
Mercury 1+ Hg,HPO, — H + Hg,*" + PO, 24.8
Lead (2+) Pby(PO,), <> 3 Pb®” +2 PO, 43.5
2+ PbHPO, > H + Pb*? + PO, 23.8
Magnesium (2+) Mg3(POy), <> 3 Mg®"” +2 PO, 233
2+ MgHPO,.3H,0 < 3 H,0 + H? + Mg®” + PO, 182
Manganese (24 Mg3(POy), <> 3 Mg®"” +2 PO, 23.8
(24 MnHPO, — H® + Mn®" + PO,*) 254
Nickel (2+) Ni3(POy4), < 3 Ni®" +2 PO, 313
Silver (1+) Ag;PO, & 3 Ag™ + PO, 17.6
Zinc (2+) Zny(PO,), > 3 Zn®" + 2 PO, 35.4
(24 Zny(PO4),.4H,0 < 4 H,0 + 2 PO,*) + 3 Zn®" 35.4
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Tableau 2.6

Most important toxic effects related to metals on humans

Metals Toxicities References
Antinomy Dermatisis, keratinis, conjunctivitis and nasal ulteration, possible human Gebel (1997);
carcinogen Windholz et al. (1983)
Arsenic Burning and dryness of the mouth and throat, dysphasia, vomiting, Florea and Biisselberg (2006);
dermatosis, muscular cramps, facial edema and cardiac abnormalities, Gaussy et al. (2003);
cancers of the lung, skin, bladder, kidneys, and liver, damage to respiratory,  Jain and Ali (2000);
cardio-vascular, nervous and haematopoietic systems, death Jiang (2001);
Wang and Shi (2001)
Beryllium Lung disease, berylliosis, carcinogen, cytotoxicity (impact enzyme Kabata-Pendias (2001);
function, DNA synthesis, protein phosphorylation, and cell division) Taylor et al. (2003)
Cadmium Kidney damage, renal necrosis and dysfunction, pulmonary edema and Gaussy et al. (2003);
pneumonitis, Itai-Itai disease, prostate and lung cancers Lippmann (2000);
Vig et al. (2003);
Wang and Shi (2001)
Chromium Skin irritation, headache, nausea, diarrhea, vomiting, liver and kidney Goldhaber (2003);
problems, renal failure, irritation of the respiratory tract, emphysema, Lippmann (2000);
chronic bronchitis, bronchopneumonia, lung cancer Wang and Shi (2001)
Copper Weakness, lethargy, and anorexia, abdominal pain, cramps, nausea, Fraga (2005);
diarrhea, vomiting, liver cirrhosis, Wilson’s disease, damage to renal Gaetke and Chow (2003);
tubules, hepatic necrosis, vascular collapse Goldhaber (2003);
Kabata-Pendias (2001);
Winge and Mehra (1990)
Mercury Memory loss, dementia, deficit in attention, ataxia, dysphasia, dizziness, Clarkson (1998);
irritability, blindness and deafness, disruption of fine motor function, Gaussy et al. (2003);
gingivitis, gastrointestinal irritation, kidney dysfunction, alters normal Lippmann (2000);
cardiovascular homoeostasis, decreases overall immunity of the body, Zahir et al. (2005)
multiple schlerosis, pulmonary edema, decrease rate of fertility
Lead Memory and learning deficits, high blood pressure, insomnia and anorexia, ~ Davydova (2005);
muscle irritability, encephalopathy, tremors and ataxia, damage to Florea and Biisselberg (2006);
neurologic, hematologic and renals systems, fertility damage, chronic Gaussy et al. (2003);
nephropathy Kabata-Pendias (2001);
Lippmann (2000)
Nickel Dermatisis, headache, nausea, allergic dermatitis, chronic asthma, Davydova (2005);
coughing, lung fibrosis, cardio-vascular and kidney diseases, lung and nasal ~ Denkhaus and Salnikow
cancer (2002);
Wang and Shi (2001)
Selenium Selenosis (hair and nail loss and brittleness), gastrointestinal problems, skin ~ Brenneisen et al. (2005);
rash, garlic odor, hypochromic anaemia, leucopenia, weakness, Goldhaber (2003);
convulsions, nervous system abnormalities Tinggi (2003)
Silver Irreversible pigmentation of the skin (argyria) and eyes (argyrosis), upper Drake and Hazelwood (2005);
(nose and throat) and lower (chest) respiratory tract irritation, bronchitis, Kabata-Pendias (2001);
emphysema and reduction in pulmonary volume Purcell and Peters (1998);
Ratte (1999)
Thallium Fatigue, headache, insomnia, nausea, vomiting, hair fall, gastro-enteritis, Galvan-Arzate and Santamaria
alopecia, burning feet syndrome, ataxia, convulsions, delirium, (1998);
hallucinations, tachycardia, hypotension, coma Kazantzis (2000)
Zinc Depression, lethargy, neurologic signs such as seizures and ataxia, and Goldhaber (2003);
increased thirst, gastrointestinal irritation and vomiting Kabata-Pendias (2001)
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Tableau 2.7 Constants of solubility products of metal arsenates

Metals Oxidation State  Reactions pK;
Aluminium (3+) AlAsO,.2H,0 < 2 H,0 + AsO,%) + A1°? 159
Barium (2+) Ba;(AsOy), 2 AsO,°” + 3 Ba®" 50.3
Calcium (2+) Cas(AsO4),.4H,0 & 4 H,O +2 AsO,2) +3 Ca®)  19.1
Cobalt (2+) Co3(AsOy), > 2 AsO,%” + 3 Co*” 28.4
Copper (2+) Cus(As04),.2H,0 < 2 H,0 +2 AsO%) +3 Cu®” 353
Iron (34) FeAsO;.2H,0 < 2 H,O + AsO,®? + Fe®" 20.3
Lead (2+) Pb3(AsO,), > 2 AsO,) + 3 Pb?" 35.6
Manganese (24 Mn;3(AsOy),.8H,0 < 8 H,0 +2 AsO,%) +3 Mn®? 289
Nickel (24 Niz(AsO,),.8H,0 <> 8 H,O + 2 AsO,*” + 3 Ni*"” 25.7
Silver (1+4) AgzAsO;— AsO,) +3 Agt 23.5
Zinc (2+) éﬁgz(f)xsopz.z.smo —25H,0+2 AsO,2) +3 975
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Tableau 2.8

Constants of solubility products of some metal chromates

Metals Oxidation State  Reactions pK;
Barium (2+) BaCrO, <> CrO,* + Ba®" 9.7
Calcium (24 CaCrO, < CrO* + ca®" 23
Copper (24 CuCrO, <> CrO,* + Cu®” 54
Lead (24 PbCrO, <> CrO4*) + Pb?" 12.6
Magnesium 2+ MgCrO, < CrO,* + Mg®" -5.4
Mercury (14) Hg,CrO4 < CrO,% + Hg,*" 8.7
Silver (1+) Ag,CrO,; > CrO ) +2 Ag™ 11.6
Thallium 1+ TLCrO, < CrO,*) +2 TI 12.0
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Tableau 2.9 Constants of solubility products of selenides, selenites and selenates

Metals Se Oxidation State  Reactions pK;
Aluminium (4+) Aly(SeO3); «> 2 Al + 3 Se0;® 325
(6+) Aly(Se05); > 2 AI®Y + 3 Se0,* 21.5
Barium (2-) BaSe <> Ba®" + S¢@ 219
(4+) BaSeO; «> Ba®" + Se0;* 6.6
(6+) BaSeO, < Ba®" + Se0,* 75
Beryllium (4+) BeSeO; > Be®" + Se0,* 8.0
(6+) BeSeO, <> Be®" + Se0,*) 72
Cadmium (2-) CdSe <> Cd*" + Se® 352
4+ CdSeO; < Cd*" + Se0;* 8.9
Calcium (2-) CaSe <> Ca®" + Se™® -10.9
4+ CaSeO; «> Ca®" + Se0;* 55
(6+) CaSe0, « Ca®" + Se0,* 48
Cobalt (2-) CoSe <> Co?" + Se®) 31.2
4+ CoSe0; <> Co®" + Se0;* 6.8
(6+) CoSe0, <> Co®" + Se0,* 6.5
Copper 2-) CuSe < Cu®” + Se® 48.1
4+) CuSeO; — Cu®” + Se0,*? 7.7
(6+) CuSeO4 > Cu®” + Se0,*? 7.1
Iron ) FeSe <> Fe®" + Se® 26.0
4+ FeSeO; — Fe" + Se0,* 10.0
(6+) FeSeO, <> Fe®" + Se0,* 6.5
Lead (2-) PbSe <> Pb?" + Se® 42.1
4+ PbSeO; <> Pb?" + Se0;*) 115
(6+) PbSeO, <> Pb®" + Se0,* 6.8
Magnesium (4+) MgSeO; « Mg + SeO,* 49
(6+) MgSeO, « Mg?" + Se0,* 5.8
Manganese 2-) MnSe <> Mn®" + Se® 12.1
4+ MnSeO; <> Mn®" + Se0;* 6.9
(6+) MnSeO, <> Mn®" + Se0,* 6.1
Mercury (2-) HgSe <> Hg®" + Se® 56.6
4+ HgSeO; < Hg®" + Se0, 18.4
Nickel (2-) NiSe <> Ni*"” + Se® 32.7
4+ NiSeO; — Ni®? + Se0,* 5.0
(6+) NiSeO, < Ni®"? + Se0,* 6.6
Silver (2-) Ag,Se > 2 Ag + Se® 53.8
4+ Ag,Se0; — 2 Ag™ + Se0,> 14.7
(6+) Ag:Se0, — 2 Ag™) + Se0,® 7.3
Thallium (2-) TLSe < 2 TI®) + S¢®) 33.1
(4+) Tly(SeOs); < 2 TI®? + 3 SeO;* 38.7
(6+) TLSeO, < 2 TI) + Se0,*) 4.0
Tin (2-) SnSe «» Sn*? + Se*? 38.4
Zinc 2-) ZnSe < Zn®" + Se® 294
4+ ZnSe0; — Zn®" + Se0; 7.7
(6+) ZnSe0, — Zn®" + Se0,* 6.7
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Tableau 2.10

Computer programs of metal speciation

Programs References Websites

AQUACHEM Korfali and Davies (2004) http://www.flowpath.com/software/aquachem/aquachem_ov.htm

CHEAQS/GECHEQ Romero and Joensson (2005) http://home.tiscali.nl/cheaqs/

CHEMEQL Miiller (1996) http://www.eawag.ch/research/surf/forschung/chemeql.html

JCHESS/CHESS van der Lee and De Windt (2000) http://chess.ensmp.fr/

CSMC Tauler and Casassas (1988)

EQ3/6 Wolery (1992); http://www.lInl.gov/[PandC/technology/software/softwaretitles/eq36.php
Wolery and Daveler (1992)

ESTA May et al. (1985)

FITEQL Westall (1982) http://www.lwr.kth.se/forskningsprojekt/MoW/fiteql.htm

GEOCHEM Sposito and Matigod (1977, 1980)

HYDRAQL Papelis et al. (1988)

HYPHEN Gans et al. (1996)

HYSS Alderighi et al. (1999) http://www.chim!.unifi.it/group/vacsab/hyss.htm

IONPAIR Tharilkill (1970)

JESS May and Murray (1991a,b) http://jess.murdoch.edu.au/jess/jess_home.htm

MICROQL Westall (1979) http://www.polyql.ethz.ch/

MINEQL+ Westall et al. (1976) http://www.mineql.com/

MINTEQ/MINTEQA2/ Allison et al. (1991); Felmy et al. http://epa.gov/ceampubl/mmedia/minteq/index.htm

PRODEFA2 (1984); HydroGeoLogic (1998a,b)

VISUAL MINTEQ Romero and Joensson (2005) http://www.lwr.kth.se/english/OurSoftware/Vminteg/index.htm

NETPATH Plummer et al. (1991, 1994) http://water.usgs.gov/software/netpath.html

PHREEQC Parkhurst and Appelo (1999) http://wwwbrr.cr.usgs.gov/projects/GWC_coupled/phreeqc/

PHREEQE Parkhurst et al. (1980) http://www.nea.fr/abs/html/nesc9674.html

PHRQPITZ Plummer et al. (1988) http://water.usgs.gov/software/phrgpitz.html

RAMASES Leung and Darvell (1990)

REDEQL2 McDuff and Morel (1973)

SOILCHEM Sposito and Coves (1988) http://www.cnr.berkeley.edu/~ayang/soilchem.html

SOLMNEQ.88/ Kharaka and Barnes (1973);

SOLMNEQ Kharaka et al. (1988); Savage (1986)

SPECIES Barak (1990) http://www.soils.wisc.edu/~barak/species.htm

TRANSPEC Bhavsar et al. (2004)

WHAM/MODEL VI Meers et al. (2006); http://windermere.ceh.ac.uk/aquatic_processes/wham/index.html
Tipping (1998)

WATEQ4F/WATEQ Ball (1987, 2002); http://wwwhbrr.cr.usgs.gov/projects/GWC_chemtherm/software.htm
Truesdell and Jones (1974)

WINHUMIC V Romero and Joensson (2005) http://www.lwr.kth.se/english/OurSoftware/WinHumicV/index.htm
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Figure 2.2 Solubility of different metal hydroxides based on chemical equilibrium calculations using the
MINEQL+ software. Simulation conditions: T = 25°C, [CI']; =107 M and [metal];= 10> M
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CHAPITRE III

COMPARATIVE STUDY OF DEWATERING CHARACTERISTICS OF
PRECIPITATES GENERATED DURING TREATMENT OF

MONOMETALLIC SOLUTIONS

Le Chapitre 3 est constitué de I’article suivant:

Zied Djedidi, Jihéne Ben Khaled, Ridha Ben Cheikh, Jean Frangois Blais, Guy Mercier et
Rajeshwar Dayal Tyagi (2009) Comparative study of dewatering characteristics of metal

precipitates generated during treatment of monometallic solutions. Hydrometallurgy. 95, 61-69.
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Résumé

Les caractéristiques de déshydratation des boues (décantation, filtration et centrifugation),
générées a la suite du traitement par précipitation des solutions monométalliques (0.02 mol/L),
ont été évaluées dans cette étude. Les tests de précipitation effectués pour 15 différents métaux,
ont donné des rendements d’élimination généralement comparables a ceux prédits par le logiciel
MINEQL+, a I’exception des cas de précipitations sous formes de sulfures ou de phosphates ou
I’effet de la cinétique peut étre considéré. La précipitation sous forme d’hydroxydes a pH 10.0
était la technique la plus efficace pour I’élimination de huit ions (AI’", Cd*", Co*", Fe*", Fe’',
Mg®", Mn?", Ni*"), alors que la précipitation sous forme de phosphates (2 pH 6.0 avec ’addition
de 0.0133 mol PO4*/L) a donné des taux d’enlévement les plus élevés pour Ba*", Ca*", Cr'". La
précipitation sous formes de sulfures (& pH 7.0 en utilisant 0.02 mol S*/L) a été la technique de
précipitation la plus efficace seulement pour le Cu®* et Sn*', alors que la précipitation sous
formes de carbonates (3 pH 8.0 en utilisant 0.02 mol CO;*/L) a donné les meilleurs taux
d’¢élimination pour Pb*" seulement). Les résultats ont également montré que les précipités de
phosphates, ont généralement les meilleures caractéristiques de déshydratation (IVB, CF, RSF et
ST) par rapport aux carbonates, aux sulfures et aux hydroxydes. En effet, en considérant
seulement les caractéristiques de déshydratation des boues, la précipitation aux phosphates
semble étre la technique la plus appropriée pour la précipitation de plusieurs cations (AI’*, Ba*",
Cd*, Co*', Cr*', Fe*', Fe*", Ni*" et Zn2+). La formation des hydroxydes métalliques constitue la
meilleure option pour ’élimination de Ca®", Cu®", Mg*" et Sn*", alors que la précipitation sous

. “s . . 2+ 2+
forme de carbonates est particuliérement intéressante pour les solutions contenants Mn~" et Pb™".
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3. COMPARATIVE STUDY OF DEWATERING CHARACTERISTICS
OF PRECIPITATES GENERATED DURING TREATMENT OF

MONOMETALLIC SOLUTIONS

3.1 Abstract

The sludge dewatering properties (settling, filtration and centrifugation) of metal precipitates
generated during treatment of monometallic solutions (0.020 mol/L) have been evaluated in this
research. The precipitation tests carried out on 15 different metals gave metal removal yields
generally similar to those predicted by MINEQL+ software, with the exception that kinetic
aspects should be considered during precipitation of metal sulphides and phosphates. Hydroxides
precipitation at pH 10.0 was the most efficient technique for the removal of eight metallic ions
(Al3+, Cd2+, C02+, Fez+, Fe3+, Mg2+, Mn2+, Ni2+), whereas phosphates precipitation (at pH 6.0
with an addition of 0.0133 mol PO4’/L) gave highest removal yields for Ba*", ca®’, cr'’,
Sulphides precipitation (at pH 7.0 and using, 0.020 mol S*/L) has been found the most efficient
technique only for Cu*" and Sn** precipitation, whereas carbonates precipitation (at pH 8.0 and
using 0.020 mol COs*/L) gave better removal yield only for Pb**. Results have also shown that
metal phosphates have generally better dewatering characteristics (SVI, filtration capacity, SRF,
sludge solids content) than metal carbonates, sulphides and hydroxides. In fact, considering only
the sludge dewatering characteristics, phosphates precipitation appears the most appropriate
technique for the precipitation of many metals (A13+, Ba2+, Cd2+, Co*", Cr*", Fe™", Fe** , Ni*" and
Zn*"). Metal hydroxides formation constitutes the best option for Ca**, Cu®", Mg”" and Sn*'
removal, whereas precipitation of metal carbonates is particularly interesting for treatment of

Mn?" and Pb*" containing solutions.
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3.2 Keywords

Metal; Precipitation; Sludge; Dewatering; Hydroxide, Sulphide; Phosphate, Carbonate.

3.3 Nomenclature

i viscosity of the filtrate

A surface area

b slope of the plot (V vs. t/V)

c weight of solids/unit volume of filtrate
FC filtration capacity

ORP oxidoreduction potential

P pressure

rpm rotations per minute

SRF specific resistance to filtration
SVI sludge volume index

t time

v volume
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3.4 Introduction

The risks associated with the presence of potentially toxic metals in the waters and soils resulting
from human activities have been largely studied (Nriagu and Pacyna, 1988; Nriagu, 1996; Wong
etal. 2006). These contaminants are potentially toxic for microorganisms, plants, animals and

humans (Lippmann, 2000; Allen, 2002; Sharma and Agrawal, 2005).

In the last decades, a lot of research works have been accomplished to develop efficient and
cheap technologies for the treatment of metal—polluted effluents (Kurniawan et al. 2006). The
technologies proposed notably include chemical precipitation (Blais etal. 2007) or
bioprecipitation (Kaksonen etal. 2003), ion exchange (Mondal and Das, 2004), adsorption
(Babel and Kurniawan, 2003) or biosorption (Romera et al. 2006), physical separation (Ben
Frarés etal. 2005), electrochemical separation (Meunier etal. 2006), solvent extraction

(Belkhouche et al. 2005), flotation (Zamboulis et al. 2004) and cementation (Nelson et al. 2000).

Among these technologies, precipitation is still the most widely used approach for metals
removal from groundwater, surface water, leachates and industrial effluents (Mirbagheri and
Hosseini 2004; FRTR 2005; Lacour et al. 2005). Metal separation from solutions by formation of
metal hydroxides is the most common precipitation method in reason of the relative low costs of
hydroxide salts (Baltpurvins et al. 1996; Meunier et al. 2002). Soluble metals can be precipitated
as hydroxides according to Equation 1 by using different alkaline reagents, like CaO, Ca(OH),,

Mg(OH),, NaOH and NH4,OH (Mirbagheri and Hosseini, 2004; Kurniawan et al. 2006).

Equation3.1  M?* + 2(OH) < M(OH),|
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Some others precipitating agents can be used to reach lower residual soluble metal
concentrations (Islamoglu et al. 2006) and/or to produce metallic sludge having better thickening
and dewatering properties (Kim et al. 2002; Viadero et al. 2006). Other precipitation techniques
notably include the formation of insoluble metal sulphides (Veeken and Rulkens, 2003;
Al-Tarazi et al. 2004), metal carbonates (McAnally et al. 1984; Guillard and Lewis, 2002), and

metal phosphates (Ayati and Madsen, 2000; Mavropoulos et al. 2002; Pigaga et al. 2002).

Metal precipitation as sulphides (Equation 2), is usually carried out using chemicals like Na,S,

NaHS, H,S or FeS (Al-Tarazi et al. 2004; Marchioretto et al. 2005).

Equation3.2 M +S* - MS|

The carbonates, such as Na,CO;, NaHCO; and CaCOs, can be used for the neutralization of
effluents and metals precipitation according to the equation 3 (McAnally et al. 1984; Guillard

and Lewis, 2002).

Equation3.3  M* +(CO3)* & M(CO3)|

It is possible to remove metals from effluents through insoluble metal phosphate formation as

described in equation 4 (Mavropoulos et al. 2002; Pigaga et al. 2002).

Equation3.4 3 M* +2 (PO,)* & M;3(PO,),|
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The metal precipitation is usually carried out in a settling tank (Alves etal. 2005), and the
metallic sludge produced is usually dewatered by filtration or centrifugation (Meunier et al.

2002; Viadero et al. 2006).

Different selective precipitating agents, like dithiocarbamate derivates (DTC, DDTC, DMTC),
thiocarbonate salts (STC), and 2,4,6-trimercapto-1,3,5-triazine (TMT), have also been developed
in the last years for the treatment of metal-polluted effluents (Matlock etal. 2001, 2002).
However, their relative high cost is an obstacle to their use for many industrial applications

(Meunier et al. 2002).

Oxidation/reduction reactions can also be used for the precipitation of specific metal pollutants,
like arsenic and chromium (Evanko and Dzombak, 1997; Vanbroekhoven et al. 2005). Finally,
coagulation-flocculation methods can be used in combination with precipitation techniques to

treat metal-polluted effluents (Licsko, 1997; Charerntanyarak, 1999; Duan and Gregory, 2003).

In the past, the choice of a precipitating technique for the treatment of metal-polluted effluents
was principally based on the cost of the chemicals used. However, it is evident that the decision
should also consider the quantities and the dewatering characteristics of metallic sludge

produced.

The aim of the present work was to develop basic technological knowledge on the dewatering
(settling, filtration and centrifugation) properties of sludge produced by metals precipitation as
metal hydroxides, sulphides, carbonates and phosphates. The performance of chemical
equilibrium software (MINEQL+) was evaluated to predict residual soluble metal concentrations
and generated solids in normal operational conditions used for treatment of metal-polluted

effluents.
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3.5 Material and methods

3.5.1 Solubility domain prediction

Solubility domains were calculated using the chemical equilibrium modelling system MINEQL+
(version 4.5). This program may be used to compute equilibrium among dissolved, solid and
adsorbed phases suitable for aqueous solutions based on the appropriate thermodynamic stability
constants. In the present study, models were constrained to include only those solid phases that
were found to govern solubility (example: oxides are not considered due to Kkinetic
considerations). lonic strength was considered “off” within the program. All calculations were
performed at a constant temperature of 298K with the number of iteration cycles constrained to
100. Solubility domains were generated for four systems: hydroxides (Fe*", Fe**, Zn*", Mn*",
Cd*, cu®, Cr’f, Ni*", Ba®", Ca*", Co*", AI’", Pb*" and Sn”"), sulphides (Cd*", Co*", Cu®", Fe*",
Fe*', Mn*", Ni*", Pb*", Sn’" and Zn®"), phosphates (Fe’", Zn**, Mn*", Cd*", Cu*’, Cr’", Ni*",
Ba®", Ca®", Co®", AI’", Sn*" and Pb*") and carbonates (Ba>", Cd*", Co*", Fe*", Mn*", Ni*", Pb*"
and Zn*"). The counter ion is chloride (C1") for all metals, except nitrate (NO;") for lead. The
concentration of all metals was always initially set at 0.020 mol/L. Calculations were made for
all systems over the pH range 2-14, with the exception of carbonate systems, for which the pH

range 5-11.
3.5.2 Preparation of the monometallic solutions

Monometallic synthetic solutions having a concentration [M™] of 0.020 mol/L were prepared
starting from metal sulphate or chloride salts : Fe*, Fe’™, Zn*", Mn®", Cd*", Cu*", Cr’", Ni*", Ba*"
(Mat Lab), A’ (Baker), Mg>" (ACP), Ca’" and Co”*" (Fisher Scientific Ltd.), Sn*" (Caledon

Lab), except for Pb>", where the nitrate salt (BDH ACS 453) was employed because of the limit
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of the lead solubility. Distilled water was used for all the experiments. In the case of hydroxide
precipitation assays, the pH of the monometallic solutions was firstly adjusted to 2.0 with HCI1

6.0 mol/L (Fisher Scientific Ltd., ACS reagent).
3.5.3 Metal precipitation assays

Metal precipitation tests were realized at ambient temperature (22 + 2°C) and with volumes of
1.5 L of each monometallic solution with a concentration of 0.020 mol/L in 2.0 L beakers
(diameter 125 mm). Mixing of the solution was conducted using magnetic stir bar (length:
37 mm, diameter: 8 mm) with a speed mixing of 160 rpm. Speed mixing was determined with a

Digital Photo Tachometer Model 461893 Extech instruments.

For each selected pH, a reaction time of 15 min was allowed for the system to reach equilibrium
(Hove etal. 2008). Speed mixing was selected for a well mixture to obtain flocs with good
dewaterability and filterability (Yudin et al. 1974; Sun et al. 2006; Wang et al. 2007) : generally

high mixing speed generate small flocs sludge difficult to dewater and filtrate.
Metal precipitation tests were realized with the following four precipitating agents:
e Sodium hydroxide (mother solution at 2.5 mol/L);
e Sodium sulphide (Na,S) at stoichiometric quantities;
e Monopotassium phosphate (KH,POj) at stoichiometric quantities;
e Sodium bicarbonate (NaHCO5) at stoichiometric quantities.

Hydroxide precipitation tests were done by adjusting the pH of the monometallic solutions
(volume of 1.5 L) to 10.0 with the sodium hydroxide solution. However, for the AI’", Mg*" and

Ca”" solutions, the precipitation pH values were respectively adjusted to 7.5, 12.0 and 12.5.
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During the other precipitation tests, precipitant agents were firstly added to monometallic
solutions. A pH adjustment was done by adding sodium hydroxide to 6.0, 8.0 and 7.0
respectively for phosphate, carbonate and sulphide. To note that in the case of sulphides and
carbonates, an adjustment of the pH in values close to 5.50 was made to avoid the emission of
hydrogen sulphide and dioxide carbon gases (Baltpurvins et al. 1996; Charerntanyarak, 1999;
Feng et al. 2000). pH 10.0, 6.0, 8.0 and 7.0 values for metal precipitation tests for hydroxide,
phosphate, carbonate and sulphide systems have been selected from MINEQL+ software (version
4.5) simulations. Phosphate salt has been added at concentrations of 0.020 mol/L (for A", Fe’*
and Cr’* precipitation assays) and 0.0133 mol/L (for the other metals). In the same way,
carbonate and sulphide salts have been added at a final concentration of 0.020 mol/L. In
exception, a concentration of 0.10 mol/L of carbonate salt was added for the treatment of the
Ni*" solution and a concentration of 0.030 mol/L of sulphide salt was added for the treatment of
the Fe’* solution. After addition of the precipitating agents, a pH adjustment was made, and the
monometallic solutions were agitated during a 15 min period to reach equilibrium under a speed

mixing of 160 rpm.
3.5.4 Sludge settling

After the agitation period, the suspensions were settled for 30 min in 2 L capacity cylinders and
the resulting volumes of the settled sludge were measured to evaluate the sludge volume index
(SVI) values. Volumes of 400 mL of the settled sludge were then sampled after the supernatants

were removed by pumping.
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3.5.5 Sludge filtration

Specific resistance to filtration (SRF) and filtration capacity (FC) were used to characterize the
dewaterability of the sludge resulting from metals precipitation with the different precipitating
agents (Degrémont, 1989). The mathematical expression of SRF is given by the following

formula (Viadero et al. 2006):

2bPA?
H.C

Equation 3.5 SRF =

Where “b” is the slope of the plot (V vs. t/V), “P” is the vacuum, “A” is the filter area, “u” is the

viscosity of filtrate and “c” is the weight of solids/unit volume of filtrate.

1

Equation 3.6 Cc=
C,/(100—-C,)—C, /(100 -C, )

Where “C;” is the initial moisture content and “C¢” is the final moisture content.

Whatman No. 2 (8.0 um pore size) membranes having an effective area of 12.50 cm” were used
during the pressure filtration tests. A pressure of 31.7 kPa was applied on 200 mL volumes of the
settled sludge samples inside a Fisherbrand stainless-steel pressure vessel (model 09-753-25A,
Fisher Scientific Ltd.). The pressure was applied until no liquid was extracted. Filtrate and
sludge viscosities were measured using a Brookfield DV-II+Pro programmable rheometer at a

module speed of 60 rpm.
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3.5.6 Sludge filtration

Volumes of 100 mL of the settled sludge samples were centrifuged at 3000 x g (3760 rpm) for
15 min using a Beckman Coulter Allegra™ 6 Centrifuge, in order to evaluate this technique for

the metallic sludge dewatering.
3.5.7 Analytical methods

The pH and ORP were determined before and after each experiment by using a pH-meter
(Accumet Research AR25 Dual Channel pH/Ion meter, Fischer Scientific Ltd., Nepean, Canada)
equipped with a double junction Cole-Parmer electrode with Ag/AgCl reference cell for pH
(daily calibration between 2 and 10). Total solids were measured according to the APHA method
1603 (APHA etal. 1999). Metals in solution were measured by plasma emission spectroscopy
with a simultaneous ICP-AES (inductively coupled plasma - atomic emission spectroscopy,
Vista Ax CCO simultaneous ICP-AES from Varian, Mississauga, Canada). Before analysis,
liquid samples were first filtered on a Whatman 934-AH membrane (1.5 um pore size) and were
then acidified to give a 5% HCI solution. Analytical quality controls were performed with a
certified standard solution (PlasmaCal Multielement Standard 900-Q30-100, SCP Science,

Baie d’Urf¢, Canada).
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3.6 Results and discussion

3.6.1 Prediction of residual metal concentration

In order to fix the working pH, which allows the precipitation of the metals in the desired forms
(metal hydroxides, carbonates, sulfides and phosphates), computer simulations have been carried
out using the MINEQL+ software. These predictions have concerned the 15 metals examined
and, for each one, in the case of the four tested precipitating agents. Figures 3.1 to 3.3 illustrate

some obtained results from computer simulations.

Tables 3.1 to 3.4 present the initial and final concentrations of soluble metals during the
precipitation tests and the corresponding metal removal yields. Computer simulation results
using the MINEQL+ software are also presented, as well as the quantities of NaOH added to
adjust the pH of the solutions. With the exception of hydroxide precipitation, each precipitation
method involves a combined precipitation system, since precipitates are generally performed at a
particular pH. For example, when employing sulphide precipitation at pH greater than 6.0,

hydroxide precipitation can also occur (Anderson, 1994).

The analysis of the results while using of the chloride matrix (Table 3.1), hydroxides precipitate
almost totally all the studied metals, except the Ca®" where the yield was 56% and the Ba*
which does not precipitate at all (results not shown). The substitution of the chloride matrix by
the sulfate one in the case of six metals among those studied has led to no noticeable change in

the results.

For hydroxides precipitation, the residual metal soluble concentrations and removal yields
predicted by the MINEQL+ software correspond very well with the experimental results, with

the exception of Mg(OH), and Sn(OH), precipitation. In theses cases, low removal yields of 48%
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and 30%, respectively, have been measured in the short term precipitation period, whereas a 24 h
reaction period has allowed reaching precipitation yields similar to those predict by MINEQL+.
It is important to take into consideration that the MINEQL+ software, and the others comparable
models, consider the chemical reactions at their equilibrium (infinite time). Consequently, they
do not integrate kinetic aspects, which can be significant in metal precipitation techniques

operate using short (in term of minutes) reaction periods.

In the case of sulphides (Table 3.2), they precipitate nine of the 15 studied metals with yields
greater than 90% (at pH 7-8), the remaining five (AI’", Cr’*, Ca*", Ba®" and Mg®") do not
precipitate at all (results not shown). Residual soluble metal concentrations and removal yields
experimentally measured are in good accordance to those predicted by simulation in the cases of
Cu?", Fe*", Sn’" and Zn*". However, MINEQL+ software overestimates the precipitation of Cd*",
Co*", Mn*", Ni*" and Pb*" as metal sulphides. A longer reaction time could probably enhance the
removal yields for these metals. However, it is evident that kinetic aspects should be considered
when computer modeling is use to predict the efficiency of metal precipitation techniques based

on sulphide precipitation.

In the cases of Cd*", Co®", Mn>", Ni*" and Pb*", there is probably formation of aqueous
polysulphide species, which consumed sulphides during solubilization of Na,S, creating
concentrated areas in solution of S*. A similar phenomenon is encountered when working with
large excess of sulphides for the treatment of metals contaminated effluents (Luther et al. 1996;
van Hill etal. 2005; Lewis and Swartbooi, 2006). It should be noted that Fe’* removal as

sulphide can not be predicted by MINEQL+.

Carbonates were efficient to precipitate eight studied metals (removal yields > 94%) at pH 7-8,

and without any effect on the six others (Fe’*, AI’", Cr’", Ca*", Sn®" and Mg*") (Table 3.3). In
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this case, MINEQL+ overestimated the carbonates precipitation for Ba®", Cd*", Co®", but

underestimated the precipitation of Ni*".

Phosphates were also a good precipitating agent (removal yields > 94%) at pH 3-7 for almost all
studied metals (Table 3.4), except for Mg®" (84% at pH 9), Ni*" (78.5% after 24 h), and Sn*"
which does not precipitate at all. The comparison of experimental results with MINEQL+
predictions shows that the latter significantly overestimated the precipitation of Ba*", Cd*", Co*",
Mn®", Ni*" and underestimated the formation of lead phosphates. It should be noted that

aluminum and chromium removal as phosphate precipitates can not be predicted by MINEQL+.
3.6.2 Settling characteristics

The obtained sludge in the different tests is essentially constituted of hydrated metallic
precipitates and interstitial salted water. However, the precipitating agent used for removing
metallic ions from solutions has a significant influence on the solid/liquid separation of the
resulting metallic sludge. Tables 3.5 to 3.8 give some important technical data on the dewatering

properties of the different types of metallic precipitates.

Firstly, SVI value indicates the behaviour of the sludge during a 30 min gravity settling period.
Very large ranges (from 3.6 to 1100 mL/g) have been determined in SVI values between the
different metals and types of precipitates. By comparing the average SVI values for six metals
(Cd*", Co™, Fe*", Ni*", Pb*" and Zn™"), the following general ascending order has been obtained
for the different types of precipitates: metal sulphides < phosphates < hydroxides < carbonates.
This trend is confirmed in the work of Lewis and Swartbooi (2006) where they found that
sulphide precipitates settle faster than hydroxide and carbonates precipitates. In the same way,

the following general order of SVI values can be defined by comparing the average SVI values
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measured for the different metals: Pb”" < Ca®* = Cu’" < Ba®" < Zn*" =Fe’" < Cr’" = Sn*" = Mn**
<Ni*" < Co*" < A’ < Fe*" < Cd*" < Mg”". Best settling properties have then been measured for
lead precipitates (heavy and large size flocs), whereas Mg forms microscopic precipitates (small

size flocs) that are difficult to separate by settling.

Systems obtained after hydroxide precipitation differ by their ionic strength. For divalent metals,
this strength value is 0.040 and 0.060 M respectively for chloride and sulphate matrix. Therefore
counter-anions (Cl" and SO4?) activities have values of 4.86x10 and 5.04x10?. Also, for
trivalent metals, the counter-anions activities have values of 7.56x 10 and 8.87x107
respectively for chloride and sulphate matrix. In fact, this variation is more pronounced
compared to divalent metals. Experimental results (Table 3.5) show a definite variation in SVI,
QF and SRF values, and this can probably be explained by the change in ionic strength in the

studied systems (chloride and sulphate).
3.6.3 Filtration characteristics

Some important filtration properties of the different metal precipitates are given in Tables 3.5 to
3.8. The precipitates of metal hydroxides for the two matrixes (chloride and sulphate), have low
filtration capacities, except for the Pb*" with a value of 22.8 kg/(m”.h) (Table 3.5). Similarly, for
the sulphides (Table 3.6), only Cu’" and Co®" show good filtration capacities with 5.3 and
5.6 kg/(m”.h), respectively. Metal carbonates have high filtration capacities for Pb>", Cd*", Ba*"
and Mn”" with values of 26.0, 11.7, 10.2 and 8.1 kg/(m>.h), respectively (Table 3.7). The metal
phosphates precipitates showed the best filtration capacity for five of the studied metals, which
are namely Ba’", Cd*", Cr’", Pb’" and Zn®" and possess capacities ranging from 34 to

65 kg/(m®.h) (Table 3.8).
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By comparing the average filtration capacity values for Cd*", Co*", Fe*", Ni*", Pb’" and Zn”", the
following general descending order has been obtained for the different precipitates: metal
phosphates > carbonates > hydroxides = sulphides. In general way, the following order of
filtration capacity can also be defined for the different metals: Ba*" > Pb*" > Cr’* > Cd*" > Zn*"
> Cu®" > Mn’" = Ca®" > Co®" > Ni*" > Fe’” = Mg”" = A’ =Fe®". Lead and barium form dense
and compact precipitates which are easily separated by filtration or centrifugation. The high
molecular weight of these two atoms could explain the high values of solids content measured by
filtration and centrifugation. In contrast, AI’" and Fe’" produce (smaller size flocs) hydrated and
gelatinous precipitates that are very difficult to separate. Sludge with higher floc density and
larger floc size is much easier to dewater and settle (Wen et al. 1997). This hydrophilic character
could be explained by the A character or hard acid aspect which is slightly more pronounced for

these metals in accordance with the others (Stumm and Morgan, 1996).

In terms of SRF, a parallelism between this parameter and the filtration capacity has been
observed. In fact, a sludge having high filtration capacity has practically no resistance to
filtration or a very low SRF value. During hydroxides precipitation (in chloride matrix), it is also
been noticed that seven of the studied metallic sludge (Al’", Co*", Fe*", Fe’", Mg”",Ni*"and Sn*")
have high SRF, with values exceeding 1x10" m/kg (Table 3.5). The measured SRF values of
nickel, chromium and cupric hydroxides (7.36x10", 9.9x10"* m/kg and 15.2x10" m/kg
respectively), have the same order of magnitude to SRF values determined by Knocke et al.
(1980), ranged from 8 to 200x10"" m/kg, 5 to 50x10'" m/kg and 5 to 30x 10" m/kg for cupric,

chromium and nickel hydroxides, respectively.
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It has equally been noticed that among 15 studied metals, precipitation using sulphides and
phosphates (Tables 3.6 and 3.8) gives generally the lowest SRF values, with the exception of

Mn’" with a lowest SRF value during precipitation using carbonates (Table 7).

In terms of sludge total solids, it has been noticed that the highest solids values have been
measured for the hydroxides of Ca®", Cu*", Fe*", Mg*" and Sn”", for the phosphates of AI’*, Ba*",
Cr’’, Fe’*, Ni*" and Zn*", and for the carbonates of Cd*", Mn*" and Pb*". Lowest sludge solids
(4 and 8% w/w) have been obtained after filtration of AI(OH); and Fe(OH); precipitates. In
general way (independently of the types of precipitates), the following order of sludge solids has
been established for the different metals: Ba®>" > Pb*" > Mg*" > Cd*" > Sn*" = Cr’" = Mn*" >
Zn* = Cu*" > Ca’" > Fe?" = Ni*" > Co* > Fe’ = AI’". The percentage of total solids obtained of
nickel, chromium and cupric hydroxides (12.3, 24.7 and 23.4% w/w respectively) are consistent
with those obtained by Knocke et al. (1980) ranged from 9.0 to 15.2% w/w, 19.5 to 28.5% w/w

and 11.0 to 20.0% w/w for these same metals.

Therefore, considering the different dewatering properties, it appears that phosphates are the best
adapted agents for water elimination during vacuum filtration of many metal precipitates (AI’",
Ba™", Cd*", Co*", Cr’", Fe*, Fe’" , Ni*" and Zn®"), whereas hydroxides are preferable for
dewatering of Ca®’, Cu®", Mg®" and Sn®" precipitates. Finally, carbonates seem particularly

appropriate for solid/liquid separation of Mn”" and Pb*" precipitates.
3.6.4 Centrifugation characteristics

Solids contents of the metallic precipitates separated by centrifugation are given Tables 3.5 to
3.8. The results show clearly that centrifugation (at 3000xq) is far less efficient that vacuum

filtration (31.7 kPa) to eliminate water from metallic precipitates.
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In similar way to filtration, very large ranges of solids contents (from 0.1 to 45.1% w/w) have
been measured between the different metal and types of precipitates. As examples, 9 and 4%
w/w solids were respectively measured for the Cd(OH), and MnHPO, precipitates after
centrifugation, whereas 41 and 31% w/w of solids has been reached for the CdCO3; and MnCO;
precipitates respectively. The following general order can be proposed by comparing the average
solids contents values measured for the different metals: A’ < Fe*™ < Zn*" < Co®" < Mg* < Ni*"

+ + + + + + + + +
<Ca* <Fe’" <Cu* < Cr < Mn?*" < Sn’" < Cd* <Ba*' <Pb*".
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Figure 3.1 Solubility of different metal hydroxides based on chemical equilibrium calculations using the
MINEQL+ software. Simulation conditions: T = 25°C, [CI]; = 0.040 mol/L for divalent ions,

0.060 mol/L for trivalent ions and [metal]; = 0.020 mol/L. 1= 0
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Figure 3.2 Solubility of different metal carbonates based on chemical equilibrium calculations using the
MINEQL+ software. Simulation conditions: T = 25°C, [CI]; = 0.040 mol/L and [metal]; =
0.020 mol/L, [CO5>]; = 0.020 mol/L. 1=0

174



Figure 3.3
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Solubility of different metal phosphates based on chemical equilibrium calculations using the
MINEQL+ software. Simulation conditions: T = 25°C, [CI]; = 0.040 mol/L for divalent ions,
0.060 mol/L. for trivalent ions, and [metall; = 0.020 mol/L, [PO]; =0.0133 mol/L and
0.020 mol/L for Fe*', AI* and Cr**. 1=0
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Tableau 3.1 Metals precipitation, sludge production and economic data associated to the treatment of the synthetic mono-metallic solutions using NaOH
as precipitating agent

Metals Precipitation tests MINEQL+ prediction

Final NaOH [M]; [M]¢ Removal [M]¢ Removal Precipitates

pH (kg/m’) (mg/L) (mg/L) (%) (mg/L) (%)
Chloride matrix
AP 7.5 2.64 550 6.78 98.8 1.21 99.8 Al(OH);
Ca* 12.4 134 583 258 55.6 252 56.7 Ca(OH),
cd* 10.0 1.68 3000 2.05 99.9 2.10 99.9 Cd(OH),
Co™" 10.2 1.88 1220 2.63 99.8 0.24 99.9 Co(OH),
cr’ 10.0 3.02 1050 0.58 99.9 0.11 99.9 Cr(OH);
cu* 10.6 1.74 1260 0.07 99.9 0.13 99.9 Cu(OH),
Fe* 10.0 2.17 1190 0.66 99.9 0.36 99.9 Fe(OH),
Fe’* 10.0 2.55 1210 0.26 99.9 0.12 99.9 Fe(OH);
Mg** 12.0 2.64 491 258 (2.11)* 47.6 (99.6)* 0.79 99.8 Mg(OH),
Mn?* 10.0 1.89 1120 4.49 99.6 1.23 99.9 Mn(OH),
Ni** 10.3 2.01 1220 0.43 99.9 0.12 99.9 Ni(OH),
Pb** 10.1 1.77 4340 2.44 99.9 0.43 99.9 Pb(OH),
Sn** 10.0 1.99 2040 1420 (20.8)* 30.3(98.9)* 6.13 99.7 Sn(OH),
Zn** 10.0 1.95 1370 0.36 99.9 0.14 99.9 Zn(OH),
Sulfate matrix
N 8.1 3.29 540 2.00 99.6 0.23 99.9 Al(OH);
Co*" 10.0 2.13 1130 0.54 99.9 0.12 99.9 Co(OH),
cu* 10.0 1.95 1220 1.09 99.9 0.11 99.9 Cu(OH),
Fe'' 10.0 424 1120 0.62 99.9 0.11 99.9 Fe(OH)3
Ni** 10.0 2.13 1120 0.67 99.9 0.40 99.9 Ni(OH),
Zn** 10.0 2.12 1330 0.60 99.9 0.23 99.9 Zn(OH),

*  Sn*" and Mg”" removal yields measured after a 24-h reaction period.
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Tableau 3.2

Metals precipitation, sludge production and economic data associated to the treatment of the synthetic mono-metallic solutions (in chloride
matrix) using Na,S as precipitating agent

Metals Precipitation tests MINEQL+ prediction

Final NaOH [M]; [M]¢ Removal [M]¢ Removal Precipitates

pH (kg/m’) (mg/L) (mg/L) (%) (mg/L) (%)
Ccd** 7.1 0.11 2250 190 (0.08)* 91.5 (99.9)* 2.25 99.9 Cds
Co*" 7.9 0.00 1180 28.6 (0.09)* 97.5 (99.9)* 0.00 100 CoS
Cu** 7.2 0.13 1270 0.49 99.9 0.25 99.9 CuS
Fe** 7.1 0.00 1120 152 86.4 128 88.5 FeS
Fe'* 7.3 1120 4.08 99.6 - - Fe,S;
Mn** 7.1 0.00 1100 90.0 (1.05)* 91.8 (99.9)* 0.22 99.9 MnS
Ni** 7.8 0.00 1170 6.72 (0.52)* 99.4 (99.9)* 0.23 99.9 NiS
Pb** 7.1 0.11 4140 0.04 99.9 0.41 99.9 PbS
Sn** 7.0 0.20 2370 1.53 99.9 0.47 99.9 SnS
Zn* 7.2 0.16 1310 0.21 99.9 2.75 99.8 ZnS

*  Cd*, Co™, Mn®* and Ni** removal yields with molar ratio Rye.s = 1.3 (Me =Cd**, Co®* or Mn* or Ni*").
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Tableau 3.3 Metals precipitation, sludge production and economic data associated to the treatment of the synthetic mono-metallic solutions (in chloride
matrix) using NaHCQj as precipitating agent

Metals Precipitation tests MINEQL+ prediction
Final NaOH [M]; [M]¢ Removal [M]¢ Removal Precipitates
pH (kg/m’) (mg/L) (mg/L) (%) (mg/L) (%)
Ba®' 8.1 0.73 2670 144 94.6 1.07 99.9 BaCO;
cd* 8.0 0.93 2250 268 88.1 7.19 99.7 CdCO,
Co** 8.0 1.16 1180 43.9 96.3 10.0 99.2 CoCO;
Fe** 8.0 1.20 1120 2.02 99.8 6.58 99.4 FeCO;
Mn** 8.0 0.84 1100 10.7 99.0 791 99.3 MnCO;
e .
Ni 7.9 0.92 1170 677 94.2 217 81.6 Ei(c(%)z
b** )
P 7.9 0.79 4140 0.03 99.9 0.41 99.9 11;';’3((38;1’)2@03)2
Zn*' 7.1 1.07 1310 25.1 98.1 26.9 97.9 ZnCO;.1H,0
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Tableau 3.4

Metals precipitation, sludge production and economic data associated to the treatment of the synthetic mono-metallic solutions (in chloride

matrix) using KH,PQj, as precipitating agent

Metals Precipitation tests MINEQL+ prediction

Final NaOH [M]; [M]¢ Removal [M]¢ Removal Precipitates

pH (kg/m’) (mg/L) (mg/L) (%) (mg/L) (%)
AP 3.0 1.36 550 31.7 94.2 - - AIPO,
Ba®* 6.0 0.89 2940 35.1 98.8 0.29 99.9 Ba3(PO4),
Ca** 8.0 2.00 802 8.93 98.9 1.28 99.8 Cay(PO4),
Ccd* 6.0 1.40 3040 53.6 98.2 1.52 99.9 Cd;(PO4),
Co*" 6.0 1.11 1290 99.6 92.3 1.54 99.9 Co;3(PO4),
cr’ 6.0 1.88 1050 17.5 98.3 - - CrPO,
Cu* 6.0 1.40 1220 5.55 99.5 0.12 99.9 Cu;3(PO4),
Fe* 6.0 1.24 1120 8.09 99.3 4.46 99.6 Fey(PO4),
Fe’* 3.0 1.57 1120 2.68 99.8 0.89 99.9 FePO,.2H,0
Mg** 9.0 1.99 480 76.8 84.0 53.5 88.9 Mg3(PO4),
Mn** 6.0 1.19 1200 17.1 98.6 0.12 99.9 MnHPO,
Ni** 6.0 0.85 1150 580 (247)* 49.6 (78.5)* 439 96.2 Niy(PO4),
Pb** 7.0 1.35 4140 0.47 99.9 20.7 99.5 Pb3(PO4),
Zn** 6.0 1.28 1440 11.7 99.2 8.48 99.4 Zn3(PO4),

*

Ni*" removal yield measured after a 24-h reaction period.
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Tableau 3.5 Metallic sludge dewatering properties associated to the treatment of the synthetic mono-metallic solutions using NaOH as precipitating

agent

Metals Settling Filtration Centrifugation

SVI Time Solids Sludge production  Capacity SRF Solids

(mL/g) (min) (% wiw) (kg/m’) (kg/(m>.h)) (m/kg x 10'%) (% wiw)
Chloride matrix
N 25.1 377 42 37.6 0.15 87.7 24
Ca* 19.0 10.3 345 2.19 14.67 - 12.3
Ccd** 55.1 56.0 22.7 16.0 2.58 431 9.0
Co*" 69.7 260 24.0 7.74 0.27 344 8.9
crt 48.3 44.0 24.7 8.34 2.15 9.90 10.7
Cu* 33.7 67.0 234 7.92 1.28 3.01 19.9
Fe* 92.8 177 25.6 6.44 0.37 34.6 14.1
Fe'' 10.7 126 8.0 24.6 0.60 25.6 4.8
Mg** 1100 40.0 64.6 0.76 1.41 27.8 9.4
Mn** 32.6 40.0 30.4 4.84 1.57 5.16 12.6
Ni** 48.1 413 12.3 15.3 0.18 73.6 5.4
Pb** 6.0 3.4 514 8.88 74.66 - 34.0
Sn** 39.7 162 37.6 6.96 0.69 19.1 28.0
Zn** 134 21.0 8.7 20.6 3.27 3.46 0.1
Sulfate matrix
AP 29.8 111 6.8 30.3 0.72 22.1 29
Co™* 65.9 150 14.9 13.6 0.55 272 5.7
Cu** 30.3 51 26.2 8.88 1.63 8.86 10.7
Fe'' 34.7 338 11.5 25.0 0.36 42.0 59
Ni** 46.2 374 9.5 20.1 0.20 69.6 4.0
Zn** 422 42 10.7 21.5 2.20 5.99 2.8
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Tableau 3.6

Metallic sludge dewatering properties associated to the treatment of the synthetic mono-metallic solutions (in chloride matrix) using Na,S as

precipitating agent

Metals Settling Filtration Centrifugation
SVI Time Solids Sludge production  Capacity SRF Solids
(mL/g) (min) (% W/w) (kg/m’) (kg/(m>h)) (m/kg x 10'2) (% W/w)

cd* 8.9 63 14.1 22.5 1.82 7.87 9.2

Co*" 53 5.0 8.8 27.5 16.43 0.28 6.3

Cu** 8.0 55 16.6 134 15.64 0.18 13.9

Fe 38.0 168 13.7 12.6 0.41 27.1 6.6

Fe** 33.5 552 15.0 17.9 0.11 67.5 73

Mn?" 30.5 15 30.9 5.9 3.66 2.73 11.2

NiZ* 11.3 24 17.1 13.0 3.38 4.06 95

Pb>" 6.9 20 26.5 18.4 8.36 1.40 20.8

Sn?" 17.2 74 30.0 11.3 1.58 9.41 12.9

Zn** 23.4 159 18.6 113 0.55 24.6 75
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Tableau 3.7 Metallic sludge dewatering properties associated to the treatment of the synthetic mono-metallic solutions (in chloride matrix) using
NaHCQO; as precipitating agent

Metals Settling Filtration Centrifugation
SVI Time Solids Sludge production  Capacity SRF Solids
(mL/g) (min) (% W/w) (kg/m’) (kg/(m>h)) (m/kg x 10'2) (% W/w)

Ba*" 344 4.1 62.2 5.99 31.59 - 20.2

cd* 176 35 70.6 5.61 36.90 0.05 40.9

Co** 443 229 11.1 19.0 0.35 52.0 4.4

Fe?* 52.1 136 13.0 13.6 0.48 29.5 5.7

Mn** 3.6 33 57.9 3.71 23.81 - 30.7

Ni** 44.2 40 19.0 11.9 3.01 4.16 6.7

Pb* 7.6 2.3 76.4 6.89 93.27 - 45.1

Zn*" 21.6 139 17.6 12.0 0.59 23.0 53
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Tableau 3.8 Metallic sludge dewatering properties associated to the treatment of the synthetic mono-metallic solutions (in chloride matrix) using
KH,PO, as precipitating agent

Metals Settling Filtration Centrifugation
SVI Time Solids Sludge production  Capacity SRF Solids
(mL/g) (min) (% w/w) (kg/m’) (kg/(m>h)) (m/kgx 10 (% Wiw)

AP 62.6 69 15.1 15.6 2.25 8.81 6.1

Ba®* 4.1 0.9 88.6 4.84 238.19 - 31.7

Ca** 12.1 54 8.9 27.6 2.66 - 4.0

cd* 62.0 1.5 51.2 9.07 156.45 - 344

Co** 32.1 23 14.3 19.0 6.86 2.57 7.3

cr’ 7.6 1.5 42.5 8.23 121.6 - 17.1

cu* 7.8 11 9.0 40.8 15.04 0.52 5.0

Fe** 15.9 29 21.2 14.6 5.60 2.67 8.3

Fe** 30.7 214 12.3 31.2 0.70 21.5 5.8

ng 86.8 88 19.5 10.2 1.52 10.6 43

Mn** 51.7 48 15.0 17.5 3.06 4.57 3.6

Ni*® 425 42 24.8 7.51 3.09 6.42 7.3

Pb*" 7.2 2.0 43.9 13.8 131.18 - 16.2

Zn** 33.9 1.3 58.4 4.71 127.24 - 10.5
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CHAPITRE 1V

COMPARATIVE STUDY OF DEWATERING CHARACTERISTICS
OF METAL PRECIPITATES DURING TREATMENT OF

SYNTHETIC POLYMETALLIC AND AMD SOLUTIONS

Le Chapitre 4 est constitué de I’article suivant:

Zied Djedidi, Bouda Médard, Ridha Ben Cheikh, Guy Mercier, Rajeshwar Dayal Tyagi et
Jean Frangois Blais (2009) Comparative study of dewatering characteristics of metal
precipitates during treatment synthetic polymetallic and AMD solutions.

Hydrometallurgy. 98, 247-256.
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Résumé

Les caractéristiques de déshydratation, exprimées en termes de décantation, filtration et
centrifugation, des boues générées a 1’issue du traitement par précipitation des solutions
multimétalliques et des drainages miniers acides synthétiques, ont été évaluées dans cette
¢tude. Les résultats ont montré que les propriétés de déshydratation des boues métalliques
varient, en fonction de la matrice utilisée (CI” ou SO,4%), de I’agent précipitant et des
métaux présents dans 1’effluent. Les hydroxydes métalliques (pH 10.0) et les phosphates
métalliques (pH 7.0) sont de natures amorphes, donc ils sont difficiles a déshydrater. Pour
ces deux méthodes de traitement, la substitution de la matrice chlorure par la matrice
sulfate, améliore considérablement les caractéristiques de déshydratation (résistance
spécifique a la filtration = 6.60 x 10" et 2.35 x 10" m/kg, respectivement pour les
matrices chlorures et sulfates). Dans les cas des traitements par les sulfures et les
carbonates (& pH 8.0), les précipités obtenus sont respectivement de nature semi-
cristalline et cristalline et aucune influence significative sur les caractéristiques de
déshydratations n’a été détectée, lors de la substitution de la matrice chlorure par la

matrice sulfate.
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4. COMPARATIVE STUDY OF DEWATERING CHARACTERISTICS
OF METAL PRECIPITATES DURING TREATMENT OF

SYNTHETIC POLYMETALLIC AND AMD SOLUTIONS

4.1 Abstract

The sludge dewatering characteristics expressed in terms of settling, filtration and centrifugation
of metal precipitates generated during treatment of polymetallic solutions and synthetic acid
mine drainage have been evaluated in this research. Results show that dewatering properties of
metallic sludge vary depending on the type of matrix (CI'; SO4¥), precipitating agent, and metals
present in effluent. Metal hydroxides (at pH 10.0) and metal phosphates precipitates (at pH 7.0)
are amorphous in nature, thus difficult to dewater. In these treatment methods, the substitution of
chloride matrix by sulphate one improves considerably dewatering properties (specific resistance
to filtration = 6.60 x10"* and 2.35 x10" m/kg for the chloride and sulphate matrix, respectively).
In the case of sulphide and carbonate treatments (pH 8.0), precipitates obtained are semi
crystalline, and crystalline form, respectively, and no influence of the matrix was detected on

dewatering characteristics.
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4.2 Keywords

Metal; Precipitation; Sludge; Dewatering; Hydroxide, Sulphide; Phosphate, Carbonate.

4.3 Nomenclature

u viscosity of the filtrate (Pa.s)

A surface area (m?)

AMD acid mine drainage

b slope of the plot (V vs. t/V)

C weight of solids/unit volume of filtrate (kg.m™)
Cr final concentration (mol.L™)

Ci initial concentration (mol.L™")

FC filtration capacity (kg.m>.s™)

I ionic strength (mol.L™")

M bivalent metal

P pressure (Pa)

rpm rotations per minute

S exchanger

SRF specific resistance to filtration (m.kg™)
SVI sludge volume index (mL.g™")

t time (s)

TS total solids (w.w™)

v volume (m®)

XRD X-ray diffraction
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4.4 Introduction

Precipitation is the most commonly used process for the removal of metals from industrial
wastewaters because it offers a most cost-effective solution applicable to large operating units
(Patterson, 1988, Baltpurvins et al. 1996a, Mishra, 1999, Blais et al. 2008). Many studies have
demonstrated efficiency of the precipitation in removing various metals (for example, nickel,
copper, zinc, cadmium and lead) as sulphide, carbonate and phosphate instead of hydroxide
(McAnally etal. 1984, Preis and Gamsjager, 2001; Guillard and Lewis, 2002; Mavropoulos
et al. 2002; Pigaga et al. 2002; Naeem et al. 2003; Veeken and Rulkens, 2003, Al-Tarazi et al.

2004).

From a chemical point of view, precipitation is a complex phenomenon resulting from the
formation of conditions of supersaturation. It can be described by three steps: 1) nucleation or
germination; 2) crystalline growth; and 3) flocculation (Patterson, 1988). In many precipitation
systems, the characteristic reaction and nucleation times are very short, of the order of
milliseconds or less (Sohnel and Garside, 1992), and thus, kinetic considerations are of minor

concern compared to thermodynamics.

One method that appears to be potentially useful for the prediction of effluent composition
effects employs the use of solubility curves concept (Baltpurvins et al. 1996b). This involves the
calculations of the treatment efficiency in terms of residual metal ion concentration versus pH.
The construction of a solubility domain is a complex process and involves the simultaneous
solution of all the relevant mass action expressions for the overall system, in reference to their

mass balances.
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Computer simulation tools (HYDRAQL, MINEQL+, MINTEQA2, PHREEQC) incorporating
extensive databases have also been developed to simulate aqueous-based chemical systems
involving a variety of species over a broad range of temperature, pH and composition (Westall
et al. 1976; Papelis et al. 1988; Allison et al. 1991; Parkhurst and Appelo, 1999). These models
can be used to get good approximations of the residual metal concentrations in solution for

different metal precipitation scenarios (Apul et al. 2005; Halim et al. 2005).

Besides yield and selectivity, a good knowledge of settling (SVI), filterability (SRF, FC) and
dewatering characteristics (TS) of the metal precipitates produced is also necessary to evaluate

the techno-economic performance of different metal precipitation methods.

The purpose of this study is to illustrate the matrix effect (CI” versus SO,%) in terms of residual
metal concentration and dewatering characteristics of sludge generated after hydroxide,
phosphate, carbonate, and sulphide precipitation of polymetallic solutions. These parameters are
also studied in the case of sludge generated from two typical compositions of synthetic AMD.
All residual metal concentrations have been compared to those calculated with MINEQL+

software.
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4.5 Material and methods

4.5.1 Solubility domain predictions

Solubility domains were calculated using the chemical equilibrium modelling system MINEQL+
(version 4.5). This program may be used to compute equilibrium among dissolved, solid and
adsorbed phases suitable for aqueous solutions based on the appropriate thermodynamic stability
constants. In the present study, models were constrained to include only those solid phases that
were found to govern solubility (example: oxides are not considered due to Kkinetic
considerations). lonic strength was considered “off” within the program. All calculations were
performed at a constant temperature of 298K with the number of iteration cycles constrained to
100. Solubility domains were generated for four systems: hydroxides and phosphates for the first
polymetallic solution (Fe**, AI*", Zn*", Cu*" and Ni*"), sulphides and carbonates for the second
polymetallic solution (Fe*", Cu®", Mn”", Zn*" and Cd*"). The counter ion is sulphate (SO4>) for
all systems. The concentration of all metals was always initially set at 4.00 x 10~ mol/L.
Calculations were made over the pH range 2-14, for hydroxide and phosphate, and 5-14 for

sulphide and carbonate systems.
4.5.2 Adsorption prediction

Adsorption prediction of Ni and Zn ions onto to ferrihydrite in the case of neutralized AMDI
was modeled using the Two-Layer FeOH adsorption model from MINEQL+ (version 4.5). A
surface complexation database for sorption of inorganic species on Fe(OH); (s) is included in the
MINEQL+ thermodynamic database. These surface complexation reactions and constants were

taken from Dzombak and Morel (1990) and were readily incorporated in geochemical speciation
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codes, and have been gainfully employed in understanding metal speciation in such diverse
aquatic environments as acid mine drainage (Ball et al. 2001).
The system is defined as follow: total ferric iron of 1.29%10? M; total zinc of 4.59 x10° M;

total nickel of 1.02 x10® M; ionic strength I of 0.46 M; and pH of 10.0.

4.5.3 Preparation of the polymetallic solutions

Polymetallic synthetic solutions having a concentration [M™] of 0.004 mol/L for each metal
were prepared starting from metal sulphate or chloride salts : Fe*', Fe**, Zn*", Mn*", Cd**, Cu*",
Ni*", Pb*" (Lab Mat), AI’* (Baker). Distilled water was used for all the experiments. In the case
of hydroxide precipitation assays, the pH of polymetallic solutions was firstly adjusted to 2.0
with HCI 6.0 mol/L or H,SO4 3.0 mol/L (Fisher Scientific Ltd., ACS reagent) for the chloride

and sulphate matrix, respectively.

Four polymetallic solutions were prepared:
e SIn A: contains Fe3+, Al3+, Zn2+, Cu’" and Ni*" in chloride matrix ;
e SIn B: contains Fe’*, AI*", Zn*", Cu®" and Ni*" in sulphate matrix ;
e SIn C: contains Fez+, Mn**, Zn*", Cu®" and Cd*" in chloride matrix ;
e SIn D: contains Fe*", Mn®", Zn**, Cu®" and Cd*" in sulphate matrix.

4.5.4 Preparation of the AMD solutions

Two typical compositions of acid mine drainage (AMD1 and AMD2) were studied in this work.
Composition of the AMD1 was selected on the basis of the median concentrations of 10 AMDs
of mining sites reported in the literature (MEND, 1994). AMD2 composition was also

determined using median from metal concentration values of 11 AMDs reported in Gilbert et al.
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(2003), Demopoulos et al. (1997), Hammarstrom et al. (2003), Yabe and Oliveira (2001), Feng
etal. (2004), Wurzburger and Overton (2004), Tabak etal. (2003), Cocos etal. (2002),

Chartrand and Bunce (2003) and MEND (1996).

AMD solutions were prepared starting from metal sulphate salts to 1.5 L of distilled water. In
addition H,SO4 3.0 mol/L and Na,SO4 (Fisher Scientific Ltd., ACS reagent) were added to
achieve pH = 2.73, [SO4] = 8.43x107 mol/L for AMDI] and pH = 2.48, [SO4] =

5.38x10" mol/L for AMD2.
4.5.5 Precipitation assays

Precipitation tests were realized at ambient temperature (22 + 2°C) and with volumes of 1.5 L of
each solution in 2.0 L beakers (diameter 125 mm). Mixing of solution was conducted using
magnetic stir bar (length: 37 mm, diameter: 8§ mm) with a speed mixing of 160 rpm. Speed
mixing was determined with a Digital Photo Tachometer Model 461893 Extech instruments. For
each working pH, a reaction time of 20 min was allowed for the system to reach equilibrium

(Hove et al. 2008).

Precipitation tests were realized with the following five precipitating agents: 1) Sodium
hydroxide (2.5 mol NaOH/L); 2) Lime (20 g Ca(OH),/L); 3) Sodium sulphide (Na,S);

4) Disodium hydrogen phosphate (Na,HPO,); and 5) Sodium bicarbonate (NaHCO3).

Hydroxide precipitation tests were done by adjusting pH solutions (volume of 1.5 L) to 10.0 with
the sodium hydroxide or lime solution. Precipitating agents were added in stoichiometric

proportion (with a slight excess) with the soluble metal concentrations present in solution.

During the other precipitation tests, precipitating agents were firstly added to solutions. A pH

adjustment was done by adding sodium hydroxide to 7.0 for phosphate and 8.0 for carbonate and
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sulphide systems. To note that in the case of sulphides and carbonates, an initial adjustment of
the pH in values close to 5.50 was made to avoid the emission of hydrogen sulphide and dioxide

carbon gases (Baltpurvins et al. 1996a; Charerntanyarak, 1999; Feng et al. 2000).
4.5.6 Sludge settling

After mixing, suspensions were settled for 30 min in 2 L capacity cylinders and the resulting
volumes of the settled sludge were measured to evaluate the SVI values. Volumes of 400 mL of

the settled sludge were then sampled after the supernatants were removed by pumping.
4.5.7 Sludge filtration

SRF (specific resistance to filtration) and FC (filtration capacity) were used to characterize the
dewaterability of the sludge resulting from metals precipitation with the different precipitating

agents (Degrémont, 1989). SRF is given by the following formula (Viadero et al. 2006):

2
SRE — 2bPA
Equation 4.1 He
Equation 4.2 FC= D
AT,

Where “b” is the slope of the plot (V vs. t/V), “V” is the volume of filtrate, m’; at the moment

(13

“t”, s; “P” is the vacuum of filtration, Pa (N/mz); “A” is the filtration area, m’; W’ is the
viscosity of filtrate, Pa.s (N.s/m); “D” is the weight of dry sludge after filtration, Kg; “T¢” is the

final time of the filtration, s; and “c” is the weight of solids/unit volume of filtrate, kg/m’.
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1
C=
C./(100—C,)—C, /(100—C,)

Equation 4.3

Where “C;” is the initial moisture content,%; “Cs” is the final moisture content,%.

Whatman No. 2 (8.0 pm pore size) membranes having an effective area of 12.50 cm” were used
during the pressure filtration tests. A pressure of 31.7 kPa was applied on 200 mL volumes of the
settled sludge samples inside a Fisherbrand stainless-steel pressure vessel (model 09-753-25A,
Fisher Scientific Ltd.).Volume of the filtrate collected at different times was recorded until no
additional water flowed out of the sludge (Tr) (USEPA, 1987). Filtrate and sludge viscosities
were measured using a Brookfield DV-II+Pro programmable rheometer at a module speed of
60 rpm. Moreover, the weights of the dewatered sludge have been measured to evaluate the

sludge production in term of kg of sludge per cubic meter of treated effluent.
4.5.8 Sludge centrifugation

Volumes close to 100 mL of the settled sludge samples were centrifuged at 3000 x g (3760 rpm)
for 15 min using a Beckman Coulter Allegra™ 6 Centrifuge, in order to evaluate this technique

for the metallic sludge dewatering by estimating the final solids content of the sludge.
4.5.9 Analytical methods

The pH was determined before and after each experiment by using a pH-meter (Accumet
Research AR25 Dual Channel pH/Ion meter, Fischer Scientific Ltd., Nepean, Canada) equipped
with a double junction Cole-Parmer electrode with Ag/AgCl reference cell for pH (daily
calibration between 2 and 10). Total solids were measured according to the APHA method 1603

(APHA et al. 1999). Metals in solution were measured by plasma emission spectroscopy with a
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simultaneous ICP-AES (inductively coupled plasma - atomic emission spectroscopy, Vista Ax
CCO simultaneous ICP-AES from Varian, Mississauga, Canada). Before analysis, liquid samples
were first filtered on a Whatman 934-AH membrane (1.5 pm pore size) and were then acidified
to give a 5% HCI solution. Analytical quality controls were performed with a certified standard

solution (PlasmaCal Multielement Standard 900-Q30-100, SCP Science, Baie d’Urfé, Canada).

XRD patterns of the samples were obtained with a Simens D5000 diffractometer equipped with a
rotative anode and copper target (K, copper with K, = 1.5406 A). Synthesized precipitate
samples from SIn A and Sln C were characterized by X-ray diffraction (XRD) in order to

determine nature of formed precipitates.

198



4.6 Results and discussion

4.6.1 Prediction of residual metal concentrations

In order to fix the working pH, which allows the precipitation of the metals in the desired forms)
(metal hydroxides, carbonates, sulphides and phosphates), computer simulations have been
carried out using the MINEQL+ software. These predictions have concerned polymetallic
solutions: first solution (SIn B) is treated by adding NaOH or Na,HPO,, whereas the second

solution (SIn D) is treated by adding Na,S or Na,COs.

Figs. 1 and 2 illustrate results from MINEQL+ simulations. pH values of 10.0, 7.0, 8.0 and 8.0
were selected respectively for hydroxide, phosphate, sulphide and carbonate precipitation tests in

laboratory.

Tables 1 to 4 compare the results of the computer simulations and experimental metal removal
yields. Very good correlations have been observed between the experimental values at pH 10.0
by adding caustic soda and those predicted with MINEQL+ at the same pH for all metals

contained in the different synthetic solutions studied (Table 4.1).

The metal precipitates observed by XRD analyses (Figs. 4.3 and 4.4) and predicted by

MINEQL+ simulations are indicated in Tables 4.1 to 4.4.

It is noticed that after synthetic AMDI1 treatment with NaOH, residual concentrations of zinc
(3.21 x 10° M) and nickel (3.40 x 107 M) are lower than predicted by precipitation theory
(4.59 x 10°and 1.02 x 10 M, for the Zn and Ni ions, respectively). This gap could be explained
by the presence of aluminum and iron hydroxides. In fact, adsorption and/or coprecipitation of

metals might occur with Fe(OH); and AI(OH); (Slavek et al. 1988; Marchioretto et al. 2005).

199



In order to model the Ni and Zn ions adsorption onto the ferrihydrite (Fe(OH); majority against
AI(OH)3), MINEQL+ simulation was done by considering the adsorption model. AMDI
neutralized contains ferrihydrite whose chemistry is modeled with the Two-Layer FeOH model
compiled by Dzombak and Morel (1990); Fe(st)OH and Fe(wk)OH, as the strong and weak
binding surface hydroxyl species. Simulation results show that residual concentrations for Zn
and Ni ions at pH 10.0 are lower than measured experimentally (1.61 x 10" M and
1.36 x 10'*M, respectively). This is due to kinetic considerations (short reaction time).
Simulation results show also that strong binding surface hydroxyl species (Fe(st)OH) adsorb

about 95% of studied metals.

These same phenomena could also explain the difference between the experimental and

theoretical residual concentrations of zinc and cadmium in AMD?2 (Table 4.1).

The substitution of the chloride matrix (Sln A) by the sulphate one (SIn B) has led no noticeable

change in the results concerning final metal concentrations (Djedidi et al. 2009).

Treatment by adding a stoichiometric quantity of Na,HPO,4 (with a slight excess) at pH 7.0
(caustic soda adjustment) to polymetallic solutions A and B as well as synthetic AMD (AMD1
and AMD?2) give generally bivalent metal transition precipitation (Zn>*, Ni*", Cu**, Pb*", and
Cd*") greater than those calculated with MINEQL+ software (Table 4.2). At low pH values
(2.5to 4.0), aluminum and iron(Ill) precipitate under amorphous phosphate forms:
AlPO4.xH,0, x = 2-3 and FePO4.xH,O , x=1-2 (Mustafa etal. 1999), which are reliable
exchange materials and can act as an efficient sorbent for metal(Il) cations. In fact, ion exchange
between protons from the surface and metal(II) cations from solutions was found to be
responsible for metal sorption by metal(III) phosphates (Mustafa et al. 1999), according to the

reaction:
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Equation 44  nS-OH + M** (aq) = (S-0),M>" + nH" (aq)

Where “S” stands for the exchanger, and “M” for bivalent metal.

Same authors have reported that a reaction time of 1 h was sufficient for the system to reach
equilibrium (Naeem et al. 2002). This is essentially confirmed for Ni in AMDI and Cd in AMD?2
which are removed to 90 and 99%, respectively against theoretical values of 0 and 9% calculated

by MINEQL+ software.

The experimental metals removal from Sln C and Sln D through insoluble metal carbonate
(MCO3) gave satisfactory results close to 99% but generally slightly below the MINEQL+
software prediction (Table 4.3). This is can be explained by kinetic considerations. In fact, it is
important to take into consideration that MINEQL+ software and the other comparable models,
consider the chemical reactions at their equilibrium (infinite times). Consequently, they do not
integrate kinetic aspects, which can be significant in metal precipitation techniques operate using

short reaction periods (Djedidi et al. 2009).

During the first stage of AMDs treatment with carbonates (adjustment of pH until 5.0), metal(III)
have been precipitated in hydroxides form (AI(OH); and Fe(OH)3). These two precipitates are
efficient sorbent for metal(II) cations and will contribute to improving their uptake in the process
(Marchioretto et al. 2005). This may explain the discrepancy between theoretical (3.48x107,
2.51x10™ M) and experimental (1.70x107, 2.29x10° M) residual concentration values for the

nickel and zinc, respectively in the case of AMD 1 neutralization with carbonates (Table 3).

As in the case of carbonate, treatment by Na,S is a combined precipitation which consists of
adding NaOH (pH 5.0) followed by addition of Na,S in stoichiometric proportions (pH 8.0). The

obtained experimental results are in agreement with results of MINEQL+ simulations in the same
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conditions and are given in Table 4.4. Substitution of the chloride matrix (Sln C) by the sulphate
one (Sln D) has led no noticeable change in the results concerning final metal concentrations
except for Mn®". Its theoretical rate of uptake varies from 97% in Sln C to 91% in Sln D,
whereas experimental results follow this trend (from 97% to 89% in SInC and SIn D,
respectively). In the case of AMD treatment, experimental metal(Il) removal is almost total and

this is confirmed by MINEQL+ simulations, except for the nickel and zinc.
4.6.2 Settling characteristics

In each studied precipitation test, sludge generated is essentially constituted of hydrated metallic
precipitates and interstitial dissolved salts. However, for the same operating conditions,
precipitating agent used for removing metallic ions from aqueous solutions has significant
influence on the solid/liquid separation of the resulting sludge. Tables 4.5 to 4.8 gave some

important technical data on the hydrated precipitates dewatering properties.

XRD patterns of the solids isolated from Sln A and SIn C treatment are presented in Figs 4.3 and
4.4. X-ray patterns examination showed that sludge generated from hydroxide and phosphate
precipitation are amorphous in nature, unlike sulphides and carbonates are in semi crystalline,

and crystalline forms, respectively.

Sin A treatment with caustic soda (NaOH) at pH 10.0, produces sludges which settle slowly with
SVI = 428 mL/g (Table 4.5). Treatment of the same solution by adding Na,HPO, at pH 7.0
generates flocs which settle better with SVI = 235 mL/g (Table 4.6). In both treatment modes
mentioned above, the substitution of the chloride matrix (Sln A) by the sulphate one (SIn B)
improves flocs settling; SVI are 377 and 208 mL/g for hydroxides and phosphates sludges,

respectively. Improving on flocs settling is mainly due to the fine amorphous nature of the
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precipitates (Fig. 4.3) and to the increase of the ionic strength Al (from chloride to sulphate
matrix) which is estimated at 3.0x 102 M. I is calculated from the formula I = % % C; Ziz; where
Ci and Z; are the concentration and the charge of the it specie, respectively. This is in agreement

with previous works of Dustan et al. (2005), Moghadam et al. (2005) and Djedidi et al. (2009).

SIn C treatment by adding Na,S at pH close to 8.0 generates sludges with good settling
(SVI=121 mL/g) (Table 4.8). Limestone neutralization (carbonate) of the same solution at
pH 8.0 produces flocs which settle rapidly (SVI = 37 mL/g) (Table 4.7). In the case of sulphide
and carbonate precipitation, the substitution of the chloride matrix (Sln C) by the sulphate one
(SIn D) has no significant effect on settling characteristics and this is due to the semi crystalline,

and crystalline form of sulphide and carbonate sludges, respectively (Fig. 4.4).

The behavior towards floc settling generated from the neutralization of AMDs by adding caustic
soda or lime at pH 10.0 has been studied. Experimental results in Table 4.5 show that the
substitution of caustic soda by lime for hydroxide precipitation of AMD, decrease SVI values.
This decrease does not mean that settling is better but it can be explained by the formation of
gypsum (CaS04.2H,0) as secondary sludge due to the high concentration of ion sulphate (SO4>)

in AMD (MEND, 1994; Balpurvins et al. 1996).

Sludges generated from simple precipitation of AMD (hydroxide or phosphate precipitation) are
essentially constituted of metal hydroxides (M(OH), n=2 and 3) or metal phosphates (MPO,4 and
Mj3(POs),). It appears that for both compositions AMDI1 and AMD?2, phosphates settle better
than hydroxides with NaOH (Tables 4.5 and 4.6). Regarding combined precipitation of AMD
(carbonate or sulphide precipitation), sludges generated are mixtures of hydroxides (Al(OH); and
Fe(OH)s), carbonates or sulphides. Results in Tables 4.7 and 4.8, show that settling is faster in

the case of sulphides than carbonates, for both AMD effluents.
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4.6.3 Filtration characteristics

Some important filtration properties of the different effluents metals precipitates are given in
Tables 4.5 to 4.8. Experimental results show the matrix effect on vacuum filtration

characteristics; such as TS and SRF.

TS of sludge generated after neutralization of Sln A and Sln B by adding caustic soda (pH 10.0)
varies from 7.4 to 11.2% (w/w). TS vary also from 18.5% (SIn A) to 16.7% (SIn B) in the case of
phosphate precipitation (Table 4.6). SIn C and Sln D neutralization by limestone (Na,COs)
generate sludge which their measured total solids are 19.1 and 41.9% (w/w) (Table 4.7),
respectively. TS for sludges generated after sulphide precipitation are 16.6% for Sln C, and

17.4% for Sln D (Table 4.8).

It concludes that sludges generated in sulphate matrix compact generally better than those
generated in chloride matrix, this is due to chemical rearrangement, in which water and sulphates

are rejected and the solid densifies (Dustan et al. 2005).

Treatment of AMDI1 and AMD?2, by adding NaOH pH 10.0, has generated sludges with TS of
19.0 and 21.1%, respectively, corresponding to wet sludge production of 12.5 and 15.0 kg/m’
(Table 4.5). In the same operating conditions, the substitution of caustic soda by lime (Ca(OH),),
has led to production of sludge with higher TS (close to 30%, with a important wet sludge
production (29.5 and 40.8 kg/m’), due to the secondary sludge formation (gypsum). Concerning,

wet sludge production after AMD treatment, two quite similar trends have been set:

e AMDI: hydroxides (Ca(OH),) > phosphates > sulphides > hydroxides (NaOH) >

carbonates;
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e AMD?2: phosphates > hydroxides (Ca(OH);) > sulphides > carbonates > hydroxides

(NaOH).

In terms of SRF, a parallelism between this parameter and the FC has been observed. In fact, a
sludge having low FC has generally a high SRF values. Whatever the treatment mode used in
this work, sludges produced from sulphate matrix have best filterability than those produced
from chloride matrix. It is noticed that, aggregates from chloride and sulphate solutions show
different structural characteristics (Dustan, 2001). Aggregates formed in chloride matrix are
larger but have a tendency towards decreasing size under vacuum filtration. It is proposed that in
the chloride case, under the stress of compression, the structural rearrangement within aggregate
and/or sediment proceed more easily than in the corresponding sulphate case (Dustan et al.
2005). This rearrangement decrease floc size and make filtration slower. In fact SRF values
calculated in the case of the Sln A and SIn B treatment by adding caustic soda (pH 10) are
respectively 66.0x10'* and 23.5x10'* m/kg. For these same solutions, SRF values are 11.0x10'"

and 2.8x10" m/kg, respectively in the case of phosphate precipitation (pH 7.0).

Regarding to Sln C and Sln D, SRF values are 1.6x10'> and 1.1x10'> m/kg for the carbonate
precipitation (Table 4.7), whereas values of 10.8x10'* and 9.7x10'* m/kg have been measured

for the sulphide precipitation (Table 4.8).

The gap between SRF values is more important in the case of precipitates generated in Sln A and
Sin B. This is due to their amorphous nature (Fig. 4.3). Unlike, precipitates produced in Sln C
and Sln D have an intermediate state of crystallinity (Fig. 4.4) and this could explain the low gap

between SRF values.
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In general way, the following ascending orders in terms of SRF can be defined for the different

AMD treatment:

e AMDI: phosphates < hydroxides (Ca(OH),) < hydroxides (NaOH) < carbonates <

sulphides;

e AMD?2: phosphates < hydroxides (Ca(OH),) < carbonates < hydroxides (NaOH) <

sulphides
4.6.4 Centrifugation

TS of the polymetallic and AMDs precipitates separated by centrifugation are given in Tables
4.5 to 4.8. The results show clearly that centrifugation (at 3000 x g) is far less efficient that
vacuum filtration (31.7 kPa) to eliminate water from metallic precipitates. In all treatment mode
studied, final TS of sludge obtained after centrifugation and pressure filtration follow the same

trend.
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4.7 Conclusion

This paper has presented dewatering behaviour of sludges generated from simple precipitation
(hydroxide, phosphate), and combined precipitation (sulphide, carbonate) from equimolar

polymetallic and synthetic AMD solutions.

In term of residual metal concentration, experimental results correlate well with those predicted
by MINEQL+ simulations. However, adsorption and/or coprecipitation mechanisms can improve

metals removal yields predicted by computer simulations.

In the case of polymetallic solutions, hydroxide and phosphate precipitates are amorphous in
nature and water which is chemically bonded to sludge particles and is thus resistant to
dewatering and compaction. Limestone (carbonate) neutralization produces a dense, granular

sludge which settles rapidly and compacts well.

Dewatering characteristics of sludge produced from AMD depend on metals concentrations and
ionic strength (I), however two descending trends have been established in terms of FC. AMDI1:
hydroxides (Ca(OH),) > phosphates > sulphides > hydroxides (NaOH) > carbonates. AMD2:

phosphates > hydroxides (Ca(OH),) > sulphides > carbonates > hydroxides (NaOH).
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Figure 4.1 Solubility of metal hydroxide (a) and phosphate (b) in polymetallic solution, based on chemical

equilibrium calculation using MINEQL+ software. Solids formed: (a) — AI(OH);; Cu(OH),;
Fe(OH);; Ni(OH),; Zn(OH);. (b) — AIPOy; Cu3(POy),; FePOy; Niz(POy)2; Zn3(PO,),
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Figure 4.2 Solubility of metal carbonate (a) and sulphide (b) in polymetallic solution, based on chemical
equilibrium calculation using MINEQL+ software. Solids formed: (a) — CdCO;; CuCOs;
FeCOs; MnCO;; ZnCO;. (b) — CdS; CuS; FeS; MnS; ZnS
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Tableau 4.1 Metals precipitation of the synthetic poly-metallic solutions using NaOH as precipitating agent at pH 10.0
Metals Precipitation tests MINEQL+ prediction
Final NaOH [M]; [M]¢ Removal [M]¢ Removal Precipitates
pH (mol/L) (mol/L) (mol/L) (%) (mol/L) (%)
Chloride matrix (SIn A)
Fe'! 10.0 425 % 102 403 x 10° 125 X 10° 99.9 450 X 10° 100 Fe(OH);
Cu™ 3.77 % 10° 9.44 x 107 99.9 3.80 X 10° 99.9 Cu(OH),
AP* 387 % 107 158 % 10* 95.9 401 % 10° 953 Al(OH)s,Gibbsite
Z 4.00  10° 1.07 % 10° 99.9 4.50 x 10° 999 Zn(OH),
Ni*! 3.88 X 10° 6.82 x 107 99.9 9.20 X 107 99.9 Ni(OH),
Sulphate matrix (SIn B)
Fe 10.0 530 X 102 4.00 X 10° 251 X 10 99.9 445 X 10° 100 Fe(OH)s
Cu 4.08 x 107 2.05 % 10° 99.9 3.78 x 10 99.9 Cu(OH),
AP 400 X 10° 142 % 10% 96.5 459 % 10° 95.9 AI(OH),,Gibbsite
i 4.00 x 10° 1.53 % 10° 99.9 4.01 x 10° 99.9 Zn(OH),
Ni*! 4.00 x 103 1.19 X 10° 99.9 1.14 X 10° 99.9 Ni(OH),
AMD 1
Fe'! 10.0 7.35 X 10> 129 X 102 1.88 X 107 99.9 530 x 10° 100 Fe(OH);
AP 263 X 10° 215 x 107 91.8 497 % 10° 98.1 AI(OH),,Gibbsite
Cu 6.69 X 10 3.93 x 10° 99.4 3.99 x 10 99.9 Cu(OH),
Zn”' 1.83 X 107 321 % 10° 99.8 459 X 10° 99.9 Zn(OH),
Pb 1.72 x 10° 241 x 107 99.7 1.64 X 10° 99.9 Pb(OH),
Ni*! 348 X 10° 3.40 X 107 99.3 1.02 X 10 91.0 Ni(OH),
AMD 2
Fe'! 10.0 9.64 X 102 1.40 X 102 9.13 % 10° 99.9 5.40 x 10° 100 Fe(OH);
AP 120 % 102 237 % 10% 98.0 498 % 107 99.6 Al(OH);,Gibbsite
Cu™ 458 X 10* 5.67 X 10° 98.7 3.98 x 10 99.9 Cu(OH),
Zn’t 6.13 x 10 229 x 10° 996 443 % 10° 99.3 Zn(OH),
Pb*" 6.47 X 10° 434 x 107 93.3 1.70 X 107 99.9 Pb(OH),
cd 4.43 x_10° 8.90 x 10° 9.9 8.17 X 10 986 Cd(OH)

Ksp values used to predict metal solubilities: Fe(OH); (10°**),Cu(OH), (1073, AI(OH); (10°*7), Zn(OH), (10"'*7°), Ni(OH), (10™'7?), Pb(OH), (10™"***), Cd(OH), (10™**).
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Tableau 4.2 Metals precipitation of the synthetic poly-metallic solutions using Na,HPO, as precipitating agent

Metals Precipitation tests MINEQL+ prediction

Final PO, added NaOH added [M]; [M]¢ Removal [M]¢ Removal Precipitates

pH (mol/L) (mol/L) (mol/L) (mol/L) (%) (mol/L) (%)
Chloride matrix (SIn A)
Fe'” 7.0 1.75 X 102 2.99 x 102 400 x 10° 229 x 10° 99.4 130 X 10° 100 FePO,2H,0
Cu’ 4.00 X 10° 7.08 x 10° 998 8.60 x 107 998 Cus(PO4) 3H0
AP 4.00 x 10° 630 X 10° 99.8 171 X 10° 100 AlPO,
o™ 400 x 10° 1.83 X 10° 99.5 2.86 X 10° 99.3 Zny(PO4)4H,0
Ni*t 400 % 10° 114 % 10° 997 377 % 10° 99.4 Nis(PO,),
Sulphate matrix (SIn B)
Fe” 7.0 1.75 x 10° 338 x 102 4.00 x 10° 213 % 10° 99.5 263 X 10° 100 FePO4.2H,0
Cu* 407 X 10° 6.61 X 10° 99.8 9.65 % 10° 99.8 Cuy(PO,),3H,0
AP 4.00 X 10° 1.70 x 10° 996 1.63 x 10° 100 AIPO,
Zn” 4.00  10° 2.60 X 10° 99.9 8.85 % 10° 998 Zny(PO4)>4H:0
Ni 4.00 x 10° 1.34 x 10° %.7 1.54 x 10° %1 Niy(PO4),
AMD 1
Fe' 7.0 1.80 X 10? 524 % 102 129 x 102 1.97 x 10° 99.9 439 X 10° 100 FePO4.2H,0
AP 263 X 10° 237 % 10° 99.1 2.86 X 10° 100 AIPO,
Cu* 6.72 % 10* 567 % 10° 99.1 560 % 10° 99.2 Cuy(PO,),3H,0
Zn” 1.83 % 10° 1.99  10° 99.9 443 x 10° 998 Zn5(POy); 4H:0
Pb” 2.15 % 10° 483 % 10* 998 1.38 % 107 99.9 Pby(POs).
N 3.71 % 10° 3.58  10° 904 3.71 % 10° 0.00 -
AMD 2
Fe' 7.0 2.90 X 10* 7.17 X 102 1.40 X 10? 201 X 10° 99.9 3.72 % 10° 100 FePO,.2H,0
AP 120 X 102 3.82 x 10° 99.7 3.80 X 107 100 AIPO,
Cu™ 460 x 10* 142 % 10° 99.7 3.16 X 10° 99.3 Cu3(PO4), 3H,0
Zn” 6.11 x 10" 229 % 10° 99.6 428 x 10° 9.3 Zn5(PO4). 4H,0
P 8.59 x 10° 3.86 x 107 95.7 1.16 X 10% 99.9 Pbs(PO,),
cd” 411 % 10° 8.90 X 10° 997 3.74 X 10° 9.00 Cds(PO,),

Ksp values used to predict metal solubilities: FePO42H,0 (107, Cu3(PO,),.3H,0 (107%%), AIPO, (107*°), Zny(PO,4),.4H,0 (1077, Niy(PO,), (107'7),
Pb3(POy), (107), Cd3y(POL), (1072

219



Tableau 4.3 Metals precipitation of the synthetic poly-metallic solutions using Na,COj; as precipitating agent

Metals Precipitation tests MINEQL+ prediction
Final CO; added NaOH added [M]; [M]¢ Removal [M]¢ Removal Precipitates
pH (mol/L) (mol/L) (mol/L) (mol/L) (%) (mol/L) (%)
Chloride matrix (SIn C)
Fe* 8.0 2.1x10? 232 %107 4.00 x 10 147 x 10° 99.6 6.95 x 10 99.9 FeCO;
Cu** 4.00 x 10° 535x10° 99.9 438 x 107 99.9 Cu,(OH),CO;
Ccd* 4.00 x 10 3.75x 10 99.1 6.64 x 107 99.9 CdCo;
Zn** 4,00 x 107 223 x10° 99.4 1.30 x 10° 99.7 ZnC0;.1H,0
Mn** 4.00 x 10 5.97 x 107 99.3 3.20 x 10 99.9 MnCO;
Sulphate matrix (SIn D)
Fe** 8.0 2.1 x 107 229 % 107 4.00 x 10 3.92 %10 99.0 3.09 x 10° 99.2 FeCO;
Ccu* 4.07 x 10 3.62x10° 99.9 4.66 x 107 99.9 Cu,(OH),CO;
cd* 4.00 x 10 406 x 10 98.7 6.30 x 107 99.9 CdCO;
Zn** 4.00 x 10 483 x10° 98.8 349 x 10° 99.1 ZnCO;.1H,0
Mn** 4.00 x 10° 430x 107 98.9 1.10 x 10° 99.9 MnCO;
AMD 1
Fe* 8.1 2.7 %107 5.60 x 107 1.29 x 102 1.02 x 10° 99.9 8.17 x 10 100 Fe(OH);
AP 2.63 x 107 1.89 x 10° 99.3 4.04 x 107 99.9 Al(OH);
Ccu* 6.67 x 10* 3.93x10° 99.4 526 %107 99.9 Cu,(OH),CO;
Zn* 1.83 x 107 229 x 10° 99.9 2.51 % 10* 86.3 ZnCO;.1H,0
Pb** 1.72 x 10° 2.90 x 107 99.4 6.84 x 107 96.0 Pb3(OH)»(COs),
NiZ* 348 x 10° 1.70 x 107 995 348 x10° 0.00 -
AMD 2
Fe* 8.0 1.2 x 107 7.81 x 107 1.40 x 102 931 x10° 99.9 8.17 x 10 100 Fe(OH);
AP 1.20 x 102 6.45 % 10° 99.5 4.04 x 107 99.9 Al(OH);
Ccu* 457 x10* 724 %10 98.4 3.86 x 107 99.9 Cu,(OH),CO;
Zn* 6.08 x 10* 3.67 x 10° 99.4 1.64 x 10 73.0 ZnCO;.1H,0
Pb** 6.47 x 10 434 %107 93.1 5.06 x 107 92.2 Pb3(OH)»(COs),
cd* 443 x10° 8.90 x 10 99.8 558 x 10 87.4 CdCo;

Ksp values used to predict metal solubilities: FeCO; (1071%2%), Cuy(OH),CO; (107**%), CdCO; (107%), MnCO; (107'%%), ZnCO5.1H,0 (107°2%),Fe(OH); (107*%%), AI(OH); (107
33.70 -18.77
), Pb3(OH)»(CO5), (1077 7).
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Tableau 4.4 Metals precipitation of the synthetic poly-metallic solutions using Na,S as precipitating agent
Metals Precipitation tests Mineq] prediction
Final S added NaOH added [M]; [M]¢ Removal [M]¢ Removal Precipitates
pH (mol/L) (mol/L) (mg/L) (mg/L) (%) (mg/L) (%)
Chloride matrix (SIn C)
Fe* 8.0 2.1x10? 0 4.00 x 10 8.95 x 107 99.9 1.41 x 107 100 FeS
Cu* 4.00 x 10 9.44 x 107 99.9 5.68x 10" 100 CusS (covellite)
cd* 3.98 x 107 2.67x 107 99.9 8.58 x 10" 100 Cds
Zn** 4.01 x 10 1.52 x 107 99.9 2.77 x 10” 100 ZnS (sphalerite)
Mn** 401 x 10 131 x 10* 96.7 120 x 10 97.0 MnS
Sulphate matrix (SIn D)
Fe** 8.1 2.1 x 107 0 4.00 x 10 1.68 x 107 99.6 3.86 x 10 99.9 FeS
Ccu* 4.08 x 107 6.29 x 107 99.9 8.46 x 10" 100 CusS (covellite)
cd* 4.00 x 10 2.66 x 107 99.9 3.40 x 10" 100 Cds
Zn** 4.00 x 10 6.16 x 107 99.9 1.08 x 10° 100 ZnS (sphalerite)
Mn** 4.00 x 10° 444 x10* 88.9 3.75 % 10* 90.6 MnS
AMD 1
Fe* 8.1 2.7x%10° 2.78 x 107 1.29 x 102 242 x10° 99.8 8.17 x 10 100 Fe(OH);
AP 2.63 x 107 2.19 x 10° 99.2 4.04 x 107 99.9 Al(OH);
Ccu* 6.67 x 10* 472 x107 99.9 7.85x 10" 100 CusS (covellite)
Zn** 1.83 x 10 275 x 10° 99.9 3.36 x 10° 100 ZnS (sphalerite)
Pb** 129 x 10° 1.93 x 107 98.5 2.80 x 10™ 100 PbS
Ni?* 348 x 10° 1.70 x 10°* 100 1.15x 1077 100 NiS
AMD 2
Fe* 8.1 13 %103 445 x 107 1.40 x 102 1.68 x 107 99.9 8.17 x 10 100 Fe(OH);
AP 1.20 x 102 3.08 x 10° 99.7 4.04 x 107 99.9 Al(OH);
Ccu* 457 x10* 472 x107 99.9 1.59 x 10™ 100 CusS (covellite)
Zn* 6.08 x 10* 3.06 x 107 99.9 488 x10™ 100 ZnS (sphalerite)
Pb** 8.59 x 10 483 x10? 100 3.99 x 10" 100 PbS
Ccd* 443 x10° 8.90 x 10° 100 1.42 x 1072 100 Cds

Ksp values used to predict metal solubilities: FeS (102°%), CuS (107%%¢), ZnS (102*7%), MnS (107'7%), Fe(OH); (107*%), AI(OH); (107**7), PbS (107'*7), NiS (10"
30.1

)
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Tableau 4.5

Metallic sludge dewatering properties associated to the treatment of the synthetic poly-metallic solutions using NaOH or Ca(OH), as

precipitating agent at pH 10.0

Metals Settling Filtration Centrifugation
SVI Time TS Production FC SRF TS
(mL/g) (min) (% wiw) (kg/m’) (kg/(m’h)) (m/kg x 10'%) (% wiw)

Chloride matrix (Sln A) 428 303 7.4 26.2 0.23 66.0 3.7

Sulphate matrix (SIn B) 377 152 11.2 21.6 0.57 23.5 4.4

AMD 1

NaOH 216 113 19.0 12.5 0.76 6.0 6.5

Ca(OH), 49 96 30.2 29.5 3.33 34 18.9

AMD 2

NaOH 292 229 21.1 15.0 0.50 14.9 8.2

Ca(OH), 65 71 31.0 40.8 6.43 22 18.7
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Tableau 4.6 Metallic sludge dewatering properties associated to the treatment of the synthetic poly-metallic solutions using Na,HPQ, as precipitating

agent
Metals Settling Filtration Centrifugation
SVI Time TS Production FC SRF TS
(mL/g) (min) (%o wiw) (kg/m’) (kg/(m”h)) (m/kg x10") (%o wiw)
Chloride matrix (Sln A) 235 140 18.5 19.2 0.91 11.0 5.7
Sulphate matrix (Sln B) 208 55 16.7 24.5 2.65 2.9 6.9
AMD 1 137 31 21.9 227 5.70 1.2 9.3
AMD 2 134 54 16.0 45.0 4.77 2.0 10.6
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Tableau 4.7 Metallic sludge dewatering properties associated to the treatment of the synthetic poly-metallic solutions using Na,CO; as precipitating

agent at pH
Metals Settling Filtration Centrifugation
SVI Time TS Production FC SRF TS
(mL/g) (min) (%o wiw) (kg/m’) (kg/(m”h)) (m/kg x 10" (%o wiw)
Chloride matrix (Sln C) 37 17 19.1 13.0 5.16 1.6 9.8
Sulphate matrix (Sln D) 56 13 419 59 6.73 1.1 17.5
AMD 1 358 128 20.8 11.9 0.70 7.6 7.4
AMD 2 275 64 15.0 233 1.95 3.9 6.9
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Tableau 4.8 Metallic sludge dewatering properties associated to the treatment of the synthetic poly-metallic solutions using Na,S as precipitating agent

Metals Settling Filtration Centrifugation
SVI Time TS Production FC SRF TS
(mL/g) (min) (%o wiw) (kg/m’) (kg/(m”h)) (m/kg x 10%) (%o W/w)
Chloride matrix (SIn C) 121 120 16.6 13.9 0.69 10.8 7.1
Sulphate matrix (Sln D) 122 115 17.4 132 0.72 9.7 7.4
AMD 1 214 260 18.9 16.5 0.43 16.8 7.5
AMD 2 241 308 13.7 29.0 0.47 19.4 6.3
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CHAPITRE V

METALS REMOVAL FROM SOIL, FLY ASH AND SEWAGE
SLUDGE LEACHATES BY PRECIPITATION AND DEWATERING

PROPRETIES OF THE GENERATED SLUDGE

Le Chapitre 5 est constitué de 1’article suivant:

Zied Djedidi, Med Ali Souissi, Médard Bouda, ridha Ben Cheikh, Guy Mercier, Rajeshwar
Dayal Tyagi et Jean-Francois Blais (2009) Metals removal from soil, fly ash and sewage sludge
leachates by precipitation and dewatering properties of the generated sludge. Journal of

Hazardous Materials. (article accepté le 30 juillet 2009).
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Résumé

Cette étude concerne le traitement par précipitation de trois lixiviats acides contaminés par les
métaux lourds et ce, en utilisant une variété¢ d’agents précipitants. Deux modes de traitement
(précipitation simple ou combinée) ont été réalisés pour évaluer les différents rendements
d’élimination des métaux, ainsi que les capacités de déshydratation des boues générées. Il a été
constaté que pour les trois lixiviats étudiés, I’ajout de Ca(OH), donne des meilleurs taux
d’enlévement que lors de 1’ajout de NaOH au méme pH 10.0. En outre, la combinaison de NaOH
et Na,S permet une meilleure élimination pour les cations Pb*", Zn*", Cu®" et Mn®>" qu’avec
NaOH/Na,CO; ou NaOH/Na,HPO,. La déshydratation des précipités formés pendant le
traitement du lixiviat de sol, a la suite d’une filtration sous pression, a été¢ établie en se basant sur
les valeurs de la résistance spécifique a la filtration (RSF): sulfures (4.3 x 10" m/kg) <
phosphates (6.4 x 10'> m/kg) < hydroxydes [Ca(OH),] (14.2 x 10'* m/kg) < hydroxydes [NaOH]
(19.7 x 10" m/kg) < carbonates (26.5 x 10'* m/kg). Pour le traitement du lixiviat de cendres, les
résultats obtenus sont similaires et ce, quelque soit le mode de traitement utilisé, les valeurs de
RSF varient entre 5 et 7 x 10'> m/kg, quand a I’indice de volume des boues (IVB), il est compris
entre 39 et 50 mL/g. Les précipités générés a la suite du traitement du lixiviat des boues de
station d’épuration par ajout de phosphates, ont donné les meilleurs résultats en termes des
paramétres IVB et RSF (180 mL/g et 7.6 x 10" m/kg, respectivement). Les résultats
expérimentaux ont également montré que quelque soit 1’agent précipitant utilisé, la méthode de
filtration sous pression est plus efficace pour I’élimination de I’eau [ST: 11 a 73% (p/p)] que la

méthode de centrifugation [5 a 11% (p/p)]-
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3. METALS REMOVAL FROM SOIL, FLY ASH AND SEWAGE
SLUDGE LEACHATES BY PRECIPITATION AND DEWATERING

PROPERTIES OF THE GENERATED SLUDGE

5.1 Abstract

This study concerns the treatment by precipitation of three acidic and metal-rich leachates by
using various reagents. Two treatment modes (simple and combined precipitation) have been
performed to evaluate the metals removal efficiency and the dewatering ability of the generated
sludge. It appears that for the three leachates used, the Ca(OH), addition gave better metals
removal at pH 10.0 than the use of NaOH at the same pH. Moreover, the combination of NaOH
and Na,S allows better removal for Pb*>", Zn**, Cu*" and Mn*" ions than with NaOH/Na,COs or
NaOH/Na,HPO,4. The dewaterability (vacuum filtration) of precipitates produced during the
treatment of soil leachate was established as follows on the basis of the specific resistance to
filtration values (SRF): sulphides (4.3 x 10" m kg') < phosphates (6.4 x 10" m kg') <
hydroxides [Ca(OH),] (14.2 x 10" m kg') < hydroxides [NaOH] (19.7 x 10" m kg) <
carbonates (26.5 x 10'*m kg™"). For the fly ash leachate treatment, the obtained results were quite
similar no matter the treatment mode used; the SRF values were in a range of 5 to
7 x 10” m kg, while sludge volume index (SVI) ranged from 39 to 50 mL g'. The sludge
generated during the treatment of sewage sludge filtrate using phosphate salt gave the best results
regarding to SVI and SRF parameters (180 mL g’ and 7.6 x 10" m kg, respectively).
Experimental results shown that whatever precipitating agent used, vacuum filtration is more
efficient in water elimination [total solids: 11 to 73% (w w'l)] than centrifugation [5 to

11% (w w™)] from sludge.
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5.2 Keywords

Heavy metals; Precipitation; Sludge dewatering; Hydroxide; Sulphide.

5.3 Nomenclature

n viscosity of the filtrate (Pa.s)

A surface area (m?)

b slope of the plot (V vs. t/V)

C weight of solids/unit volume of filtrate (kg.m™)
Cr final moisture content (%)

Ci initial moisture content (%)

FC filtration capacity (kg.m™>.s™)

I jonic strength (mol.L™)

P pressure (Pa)

rpm rotations per minute

SRF specific resistance to filtration (m.kg™)
SP sludge production (kg.m™)

SVI sludge volume index (mL.g")

t time (s)

tds ton of dry sludge

TS total solids (w.w™)

Vv volume (m*)

WTP wastewater treatment plant
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5.4 Introduction

Environmental contamination with toxic metals is mainly due to industrial activities [1-3].
Coupled with the anthropogenic pollution, it constitutes a major risk to all living organisms, in
particular, humans [4-8]. It is, therefore, essential to remove or reduce the presence of these
inorganic contaminants in order to diminish the possibility of uptake by plants, animals and
humans and their accumulation in the food chain and also to prevent them from contaminating
surface and groundwater by dissolution or dispersion [9-10]. A lot of researches have been
accomplished in last decade to develop efficient and economic process to remove heavy metals
from polluted effluents [11-12]. In a complete integrated chain of treatment steps necessary for
removal of heavy metals, leachate treatment is a key process step not only regarding to metals

removal performance, but also with respect to costs and final amount of residual metallic sludge.

Among these technologies, chemical precipitation is still the most widely used approach for
metals removal from groundwater, surface water, leachates and industrial effluents [13-16].
Metal separation from solutions by formation of metal hydroxides is the most common
precipitation method due to the relative low costs of hydroxide salts [17-19]. Soluble metals can
be precipitated as hydroxides by using different alkaline reagents, like CaO, Ca(OH),, Mg(OH)s,
NaOH and NH4OH [12-13,20]. Heavy metals, like Cr, Cu, Pb, Mn, and Zn do not precipitate at
pH below 7.0, allowing their separation from ferric ion [21-23] and aluminium ion [22-23],

which precipitate at pH below 6.5.

Some other precipitating agents can be used to reach lower residual soluble metal concentrations
[24] and/or to produce metallic sludge having better thickening and dewatering properties

[25-26]. These others precipitation techniques notably include the formation of insoluble metal
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phosphates [27-28], metal sulphides [29-30] and metal carbonates [31-32]. Common reagents
used for those techniques are Na,HPO,, Na,S, NaHS, FeS, NaHCO; and Na,COj3, respectively.
The lower solubility of metal sulphides, carbonates and phosphates in the acid region below
pH 7.0 permits reduction of metal solubility to values that are orders of magnitude lower than

reachable by hydroxide precipitation [21].

Nowadays, a combination of hydroxide and sulphide precipitation on the one hand and
hydroxide carbonate precipitation on the other hand is being considered [33-34]. A common
configuration is a two-stage process in which hydroxide precipitation is followed by sulphide or

carbonate precipitation. This process has the advantage to reduce the reagents consumption.

In the metals precipitation process, sludge dewatering is a paramount process. It reduces the
volume of sludge and, consequently, the costs for transporting and dispose the sludge to its
ultimate disposal site. Drying bed, lagoon, belt filter press, vacuum filter, and centrifuge are
some common sludge dewatering methods. However, the mechanical dewatering devices such as
the belt filter press, vacuum filter, and centrifuge are commonly employed for sludge dewatering
[35-36]. The efficiency of mechanical dewatering depends mainly on the dewaterability of
sludge. It has been established that the cellulose content, pH, particle charge, organic content,
solid concentration, grease content, compressibility coefficient, mechanical strength of particles,
floc density and floc size of the sludge can effect the sludge dewaterability in one way or another

[37-40].

The aims of the present work were to study the efficiency of various precipitation reagents used
in the metals precipitation process. Sludge dewatering has also been studied through mainly
parameters like total solids (TS), specific resistance to filtration (SRF), filtration capacity (FC),

sludge production, and settling properties (sludge volume index - SVI). The performance of the
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chemical equilibrium software MINEQL+ was evaluated to predict residual soluble metal
concentrations, dissolved solids and major species present in sludge at work pH, in normal

operational conditions used for treatment of metal-polluted effluents.
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5.5 Material and methods

5.5.1 Soil

The soil used in this work comes from the Pointe-aux-Liévres site (Québec, QC, Canada) and it
contained 73% (w w™') of sand, 21% (w w") of silt and 6% (w w) of clay. Some physical pre-
treatments (Grizzly, Tyler Sweco sieves, Reichert spiral and hydrocyclone) have been applied to
this soil to obtain particle size fractions having different levels of metal contamination. The more
metal-contaminated fraction consisting in 86 kg of soil inferior to 20 pm and having 45% (w w™")
of water content has been used for this work. The metal concentrations in the soil leachate used
in this research are presented in Table 1, Pb and Zn concentrations are above the criteria C
(commercial and industrial use) set by the Ministry of Environment and Fauna of Quebec [41],

which are respectively 1000 and 1500 mg kg™
5.5.2 Fly ash

The mixture of boiler and electrofilter ashes used in this study comes from Québec City
municipal waste incinerator. The sampling has been carried out in a collector to meet the real
proportions of production for these two types of ash, namely 39% (w w') (boiler) and
61% (ww-") (electrofilter). Ashes were sampled on the spot and then placed in 20 L
polyethylene containers. The particle size distribution of boiler and electrofilter ashes measured

by Microtrac S3500 is ranging between 0.30 and 270 um.
5.5.3 Sewage sludge

The mix sludge (primary and secondary sewage sludge) used in this work was obtained from the

Québec City wastewater treatment plant (WTP). This WTP treats about 231000 m’ per day and
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services around 270000 inhabitants. Samples were collected in polypropylene bottles and stored

at 4°C until further use.
5.5.4 Batch reactor leaching experiments

Batch reactor leaching tests were performed in order to produce an amount of soil, fly ash and

sewage sludge leachates needed for precipitation treatment.

Experiments were conducted in 10 L acrylic tank reactors containing 1000 g (dry weight) of soil
or fly ash in which, a volume of tap water was added to reach a pulp density of 10% (w w™'). The

suspension was then acidified to a pH 2.0 £ 0.2 with HCI1 (12 M).

Sewage sludge leaching was conducted according to optimal conditions defined by Beauchesne
et al. [42] which are the addition of 56 kg Fe’  tds™, 8 kg H,O, tds™!, and enough H,SOy4 to reach

a pH between 2.0 and 2.5.

In all matrices (soil, fly ash and sewage sludge), mixing was achieved by a variable speed mixer
(Caframo RZR50 rotor) operated at 300 rpm and using a three blade axial impeller (Stainless
steel SS-316L) with a 7.62 cm diameter. After 6 h of leaching, the mixture was centrifuged at
3000 x g (3625 rpm) for 10 min using a Beckman Coulter AllegraTM 6 centrifuge, in order to
separate solids and liquid. Supernatant was then filtered using Whatman no. 4 membrane under a

vacuum.
5.5.5 MINEQL+ simulations

Chemical composition systems were calculated using the chemical equilibrium computer
program MINEQL+ (version 4.5). This program may be used to compute equilibrium among
dissolved, solid and adsorbed phases suitable for aqueous solutions based on the appropriate

thermodynamic stability constants. In the present study, models were constrained to include only
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those solid phases that were found to govern solubility (example: oxides are not considered due
to kinetic considerations). During model setup, the Debye-Huckel method for the ionic strength
correction was selected because of its frequent use in the research literature, and oversaturated
solids were allowed to precipitate. All calculations were performed at a constant temperature of
298K with the number of iteration cycles constrained to 100. In order to have a realistic values
for the model input, samples of soil, sewage sludge, and fly ash leachates were analyzed and the
resulting constituent concentrations were used as input data. The counter ion is chloride (CI') for
all systems to balance electrical charges. Calculations were made over the pH range 2-12 for all
systems (Figures 1, 2, and 3). Quantities of precipitant agents (1.2 x stoichiometry of metals in
solution) were added to the input data to simulate the carbonate, phosphate, and sulphide
precipitations at a fixed pH of 7.5, 8.0, and 7.5, respectively (Tables 2, 4, and 6). It should be
noted that hydroxide simulation (NaOH) at pH 10.0 was conducted without adding precipitant

agent.
5.5.6 Metal precipitation assays

Metal precipitation tests were realized at ambient temperature (22 + 2°C) and with volume of 1 L
of each leachate in 2 L beakers (diameter 125 mm). Mixing of the solution was conducted using
magnetic stir bar (length: 37 mm, diameter: 8§ mm) with a speed mixing of 160 rpm. Speed

mixing was determined with a Digital Photo Tachometer (Extech Instruments, Model 461893).

For each selected pH, a reaction time of 20 min was allowed for the system to reach equilibrium.
Speed mixing was selected to obtain flocs with good dewaterability and filterability [43-45].

Generally, high mixing speed generates small flocs sludge difficult to dewater and filtrate.
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Two treatment modes have been studied for the three leachates namely, simple precipitation
[NaOH, Ca(OH);] and combined precipitation [NaOH+Na,S, NaOH+Na,CO; and

Na,HPO4+NaOH].

Simple precipitation tests by adding caustic soda (NaOH at 2.5 M (97% ACS reagent)) or lime

(Ca(OH); at 0.28 M) were done by adjusting pH’s leachates (volume of 1 L) to 10.0 £ 0.2.

During the combined precipitation tests, in the case of sulphides and carbonates, an adjustment
of the pH close to 5.0 was made to avoid the emission of hydrogen sulphide and dioxide carbon
gases [46-47]. Thereafter, precipitant agents (Na,CO3;.H,0O (99.5%, ACS reagent) or Na,S.9H,0
(98%, ACS reagent)) were added to leachates at 1.2 X stoichiometry of metals remaining in
solution. Finally, a pH adjustment was done by adding sodium hydroxide to 7.5 for these two
systems. For phosphates systems Na,HPO..7H,O (98%, ACS reagent) was firstly added to
leachates (pH 2.0) at 1.2 x stoichiometry of metals in solution, then a pH adjustment to 8.0 was
made. In all cases leachates were agitated during a 20 min period to reach equilibrium under a

speed mixing of 160 rpm.

Precipitation tests were also carried out by adding caustic soda (NaOH) over the pH range
2.0-12.0 for the three leachates. The pH of each system was then increased in the unit pH
intervals (pH 2.0 to 12.0). An equilibrium period of 20 min between pH adjustments was
allowed, after which time the reaction vessel was sampled. Residual metal concentration was

thereafter determined by ICP-AES (figures 1, 2 and 3).
5.5.7 Sludge settling

After the agitation period, the suspensions were settled for 30 min in 2 L capacity cylinders and

the resulting volumes of the settled sludge were measured to evaluate the SVI values. Volumes
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of 400 mL of the settled sludge (soil and sewage sludge leachates) and 800 mL (fly ash leachate)
were then sampled after the supernatants were removed by pumping. These experiments were

conducted in triplicates.

5.5.8 Sludge filtration

SRF and FC were used to characterize the dewaterability of the sludge resulting from metals
precipitation with the different precipitating agents [48]. The mathematical expression of SRF is

given by the following formula [26]:

2bPA?
y7xe

Equation 5.1 SRF =

Where “b” is the slope of the plot (V vs. t/V), “V” is the volume of filtrate, m’; “P” is the
2. <,

vacuum of filtration, Pa (N/m?); “A” is the filter area, m* “p” is the viscosity of filtrate, Pa.s

(N.s/m?) and “c” is the weight of solids/unit volume of filtrate, Kg/m’.

1
C=
C./(100—C,)—C, /(100—C,)

Equation 5.2

Where “C;” is the initial moisture content,% and “Cy” is the final moisture content,%.

Whatman No. 2 (8.0 pm pore size) membranes having an effective area of 12.50 cm” were used
during the pressure filtration tests. A pressure of 31.7 kPa was applied on 200 mL volumes of the

settled sludge samples inside a Fisherbrand stainless-steel pressure vessel (model 09-753-25A,
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Fisher Scientific Ltd.). The pressure was applied until no liquid was extracted. Filtrate and
sludge viscosities were measured using a Brookfield DV-II+Pro programmable rheometer at a

module speed of 60 rpm. These experiments were conducted in triplicates.
5.5.9 Sludge centrifugation

100 mL of the settled sludge samples were centrifuged at 3000 % g (3760 rpm) for 15 min using
a Beckman Coulter Allegra™ 6 Centrifuge, in order to evaluate this technique for the metallic
sludge dewatering. 3000 x g (3760 rpm) and 15 min were selected because of its frequent use in

the research literature [61-62] .These experiments were conducted in triplicates.
5.5.10 Analytical methods

The pH was determined before and after each experiment by using a pH-meter (Accumet
Research AR25 Dual Channel pH/Ion meter, Fischer Scientific Ltd., Nepean, Canada) equipped
with a double junction Cole-Parmer electrode with Ag/AgCl reference cell (daily calibration
between 2 and 10). TS were measured according to the APHA method 1603 [49]. Metals in
solution were measured by plasma emission spectroscopy with a simultaneous ICP-AES
(inductively coupled plasma - atomic emission spectroscopy, Vista Ax CCO simultaneous
ICP-AES from Varian, Mississauga, Canada). Before analysis, liquid samples were first filtered
on a Whatman 934-AH membrane (1.5 um pore size) and were then acidified to give a
5% (w w™) HCI solution. Analytical quality controls were performed with a certified standard
solution (PlasmaCal Multielement Standard 900-Q30-100, SCP Science, Baie d’Urfé, Canada).

Determination of metal concentration was done with one measure.
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5.6 Results and discussion

5.6.1 Soil leachate
5.6.1.1 Simple precipitation

The treatment of soil leachate, at pH 10.0 with lime, generally gives higher removal for all
metals studied than those with caustic soda at the same pH (Table 5.1). This trend can be
explained by the fact that, the soil leachate contains soluble humic substances [50-52] which are
likely to form a metal-humic acid complexes through the carboxyl (COO") and hydroxyl (OH")
groups. The competition on the complexation sites between Ca®" and the transition metal is given

by the following equation [53]:

Equation5.3  Me-Hum + Ca** = Ca-Hum + Me**

In this fact, the contribution of Ca*" ions through the Ca(OH), solution, will allow the release of
Me”" metal ions while leading their precipitation. The residual concentration of Pb, fairly high
after the sodium hydroxide treatment (12.8 + 1.3 mg L), is essentially dues to the Pb-Hum
complex which is stable in comparison to the other divalent metals. Moreover, the Ca-Hum
complexes are more stable than Na-Hum. Consequently, Na™ ions, cannot release metals from

+ .
Me-Hum complex as Ca”" ions.

During the treatment with lime, the equilibrium of above equation is therefore moved to the
release of Pb®" ions, promoting their precipitation mainly in hydroxide form, Pb(OH),, with a

residual concentration of 0.05 + 0.03 mg L™
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Regarding to the aluminium, the residual concentrations after NaOH and Ca(OH), treatments are
respectively 3.8 + 0.5 and 1.7 + 0.1 mg L', This is due to the amphoteric character of this metal.
Indeed, AI(OH); is formed at low pH, but begins to solubilise at pH 9.5. Fig. 5.1 shows clearly
this result. The results demonstrate the good correlation between the MINEQL+ predictions and
precipitation assays of the soil leachate performed using NaOH and followed step by step by ICP
at different pH (from 2.0 to 12.0). The humic substances and adsorption phenomena should

explain the gaps at low pH.

5.6.1.2 NaOH with Na,S

When Na,S is added at pH 5.0 (1.2 xthe stoichiometry of the metals in solution) there has been
an elimination of almost all metals in the form of sulphides (MeS) at pH 7.5. The removal yields
around 100% were obtained for Pb, Cu, Zn, Ni and Mn (Table 5.1). These results are in

agreement with those obtained by Marchioretto et al. [34].
5.6.1.3 NaOH with Na,COs3

The precipitation of metals from soil leachate, when combining the NaOH with Na,COs, gave
removal of 98%, except for Mg®" and Mn®" ions. This treatment process, combining the
precipitation of Pb in the form of hydroxides Pb(OH),, and carbonates PbCO; has allowed
reaching the standards releases with a residual concentration of 0.35+0.13mg L. Some
difficulties occurred during the removal of Mn and Mg in carbonate forms. Their removals are
respectively estimated to 50% and 33%. This is in agreement with the results of MINEQL+

software simulation at pH 7.5 (Table 5.2).
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5.6.1.4 NayHPO, with NaOH

The use of Na,HPO, in combination with NaOH has allowed a very good removal of heavy
metals. Indeed, metals such as Pb and Cu have been almost completely removed (< 0.1 mg L™).
According to the simulation with the MINEQL+ software (Table 5.2), the Pb is removed in form
of Pb3(PO4), and the Ca is precipitated in form of CasH(PO4);.3H,O, this confirms the

experimental results (Table 5.1).
5.6.2 Fly ash leachate
5.6.2.1 Simple precipitation

Experimental results show that the treatment of fly ash leachate, by precipitation at pH 10.0, with
Ca(OH), gives better results than with NaOH. The Zn and Pb, which are the main contaminants

of this effluent, are efficiently removed (Table 5.3).

At the beginning of the precipitation (pH 2.0 to 5.0), the AI’" and Fe*" ions are removed in form
of phosphates AIPO4 and FePO4 and hydroxides AI(OH); and Fe(OH); (Table 5.4). These solid
species are adsorbent materials, which contribute to the effectiveness of the process [34, 54-55].
At pH 5.0, phases governing the phosphate concentration in the solution are AIPOy,
Zn3(P0O4),.4H,0 and Pb3(POs), (Table 5.4). Starting from pH 6-7, the phosphate concentration is
controlled by one phase, badly crystallized, of calcium phosphates which can evolve towards the
octa-calcium phosphate amorphous of formula Cag(PO4)4(HPO4),.5H,O with Ca/P = 1.33
[56-57]. It is noteworthy that the presence of Mg prevents the transition of the octa-calcium
phosphate amorphous phase toward hydroxyapatite of formula Ca;o(PO4)s(OH), which is more

thermodynamically stable [57-59].
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Furthermore, the high diminution of sulphate concentration in the case of precipitation with lime
shows that more CaS0O4.2H,0 (gypsum) can be formed, which contribute probably at metals
removal effectiveness. The Fig. 5.2 shows the MINEQL+ software prediction and experimental
points for the simple treatment of fly ash leachate by NaOH. During metal hydroxides
precipitation at neutral or alkaline pH, there is a good correlation between theory and
experimental values. However, at low pH (below 5.5), the gap between the two curves is
significant and can be explained by other phenomena, like adsorption, that were not taken into

account by MINEQL+.
5.6.2.2 NaOH with NayS

The results show that, the metals precipitation using NaOH (pH 5.0) and Na,S (to adjust the pH
at 7.5) gives metal removal of 99% from fly ash leachate. Starting from pH 5.0, the Zn*" and
Pb*" ions are removed essentially in the form of ZnS and PbS with residual concentrations of
0.08 + 0.06 mg L' and 0.24 + 0.04 mg L™, respectively. Marchioretto et al. [34] have already
obtained the same results using the same conditions. In our study conditions, at pH 5.0 during the

NaOH adding, the Zn and Pb are recovered in the form of phosphates (Table 5.4)
5.6.2.3 NaOH with Na,CO;

After Na,COs being added to the fly ash leachate at pH 5.0 (to adjust pH at 7.0), the precipitation
of certain metals, in the form of carbonates is inhibited by the CaCOs formation. At this pH, the
results obtained with the MINEQL+ software confirm this fact (Table 5.4). It appears therefore

inappropriate to treat leachates loaded in Ca, by carbonates addition.
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5.6.3 Sewage sludge
5.6.3.1 Simple precipitation

Table 5.5 shows the results of hydroxides precipitation at pH 10.0 during the sludge leachate
treatment by NaOH or Ca(OH),. Both reagents have given the similar metals removal. At this
pH, sludge generated are essentially constituted by the metal hydroxides except, the Ca** ions
which have crystallized in the form of calcium phosphate, starting from pH 6-7 (Table 5.6). Mg
and Al have been eliminated at an average rate of 75 and 90%, respectively. Others metals have

been almost completely removed.

The results of the precipitation assay of the sewage sludge performed using NaOH are shown in
Fig. 5.3 in comparison to MINEQL+ software predictions. As the precedent cases, there is a

correlation from pH 6.0 and up, but below this value, the two curves present a significant gap.
5.6.3.2 NaOH with Na,S

When Na;S is added from pH 5.0 to sewage sludge leachate, all metals have been precipitated in
the form of sulphides at pH 7.5; only Mg has been weakly eliminated (Table 5.5). However, it is
to notice that the phosphates removal is realised with a part of Ca in the form of amorphous octa-

calcium phosphate, starting from pH 6-7 [57,59].
5.6.3.3 NaOH with Na,CO;

Satisfactory results were obtained for almost all metals during the treatment of sewage sludge
leachate, with Na,COj; addition at pH 5.0. In this case, Mg”" ions were weakly removed. It’s
noticed that low residual concentration of PO, ions (0.55 + 0.01 mg L) is due to the presence
of COs> ions, which improve the conversion rate of the crystalline phase of calcium phosphate

toward amorphous octa-calcium phosphate [57].
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5.6.3.4 NayHPO, with NaOH

Experimental results confirm that the effluent treatment by phosphate addition at pH 8.0,
generally gives best metal removal, except the Mg”" ions which usually precipitate above
pH 10.0. The high diminution of the concentration of Ca*" ions (64.1 + 2.1 mg L) is due to the

excess of Na,HPO,4 added, which has allowed to form more calcium phosphates.
5.6.4 Sludge dewatering properties

Treatment by precipitation of the three effluents (soil, fly ash and sewage sludge leachates) with
NaOH or Ca(OH), as well as the combination of NaOH with Na,S or Na,COs or Na,HPO4 has
generated sludge with specific characteristics regarding the settling, filtration and centrifugation.
These sludge are essentially constituted of metallic hydrated precipitates and interstitial
dissolved salts [20]. The size and density of the flocs as well as the salinity have a major
influence on solid/liquid separation [60]. Table 5.7 shows the different dewatering properties of

the sludge produced by the treatment of the three effluents studied.
5.6.4.1 Sludge from the soil leachate precipitation

Treatment of soil leachate, that has been essentially polluted by Pb (about 700 mg L), has

generated the sludge formed over 80% of lead salts: Pb(OH),, PbS, PbCO3 or Pb3(PO4),.

SVI is a parameter that indicates the behaviour of the sludge during a 30 min gravity settling
period. These values determined during the sludge settling from the soil leachate are in a range
of 36 to 117 mL g”". It is to notice that, during the simple precipitation (hydroxide precipitation),
the sludge generated by use of Ca(OH),, settle better than those formed by addition of
NaOH (Table 5.7). In fact, the substitution of Na" by Ca”", increase solution ionic strength (I)

which improve settling properties [20,38-39]. According to the precipitation mode used, the SVI
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values follow this order: sulphides < hydroxides (Ca(OH),) < carbonates < hydroxides (NaOH) <

phosphates.

It was noticed that during the assays, the parameters of the vacuum filtration (TS, sludge
production, FC and SRF) were essentially influenced by the reagent used. Parallelisms, between
TS and sludge production (SP) on one side, and SRF with FC on another side, have been
observed. Thus, for one given treatment mode, more the TS values are higher less wet sludge is
produced. Lower FC values correspond to the highest SRF values (sludge difficult to filtrate).
Sludge generated from the most widely precipitation technique (hydroxide, NaOH) has SRF
value of 19.7 x10"” m kg™, (u = 1.05%107 Pa.s, ¢ = 7.8 Kg m™, and b = 1.61 x10'"/R? = 0.98),
whilst, sludge obtained by the combined treatment with NaOH and Na,S are the easiest to filter
(SRF= 4.3x10"” m Kg') (table 5.7). In general, the order of solid/liquid separation, under
vacuum filtration, is given by the following trends: sulphides < phosphates < hydroxides <

carbonates.

On the other hand, concerning the TS, the order is given by: carbonates > phosphates >
hydroxides > sulphides. It is important to note that TS of 72.0% (w/w) was obtained after
limestone treatment (Na,CO3). This was expected since 80% (w/w) of sludge is constituted of
PbCO3 precipitate and the latter behaves towards to the dewatering operation through a pressure

filtration (in the same conditions) by generating a sludge cake having TS of 76.4% (w/w) [20].

TS of the sludge separated by centrifugation are given in Table 5.7. The results show clearly that
centrifugation (at 3000 x ) is far less efficient than vacuum filtration (31.7 kPa) to eliminate

water from metallic precipitates.
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5.6.4.2 Sludge from the fly ash leachate precipitation

Metallic ions at high concentrations in the fly ash leachate (Al3+,Ca2+, Fe, Mg%, Pb2+, and Zn2+)

generate some precipitates which control the dewatering characteristics.

Generally, the pH increase from 2.0 to 5.0 of fly ash leachate has carried precipitation of the
totality of AP “F ¢’ jons in the form of hydroxides and more than 80% of Zn2+, Pb2+, Fe** and
Cu”" in the form of phosphates M3(POy),, this is confirmed during the precipitation assay
performed per NaOH over the pH range 2-12 (Fig. 5.2). It is noticed that from pH 5.0 all metals
precipitate almost quantitatively and all precipitates have in majority the same nature which will
control the settling (SVI between 39 and 50 mL g'), vacuum filtration and centrifugation
properties, whatever the reagent used. In fact, experimental results confirmed it, and all TS and
SRF values are closed (between 16 to 17% (w/w) and 5 to 7 x 10" m kg for TS and SRF,
respectively). It should be noted that sludge generated by caustic soda (NaOH) treatment at
pH 10.0 has an intermediate behaviour on dewatering characteristics by vacuum filtration
(SRF=6.2 10" m kg!, where p = 1.10x10” Pa.s, ¢ = 140 Kg m~, and b = 9.75 x10'"/R? =

0.99).
5.6.4.3 Sludge from the sewage sludge leachate precipitation

SVI values obtained during the characterisation of the sludge in the assays of metal precipitation,
contained in the sewage sludge leachate are in a range of 177 to 391 mL g according to the
reagents used. It appears that simple treatment with Ca(OH), and combined treatment (NaHPO,4

and NaOH) generate sludge with best settling properties.

As for the SRF values, they are in the range of 8 to 32 x 10'* m kg', depending on the reagent

used. It appears that the combined treatment (NaOH with Na,HPO,4) generates sludge easier to
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filter than for the others cases studied (SRF = 7.6 x 10" m Kg"' with p = 1.17x10” Pa.s,
c=224Kg rn'3, and b = 1.98 x10''/R? = 0.99). On the other hand, the combined treatment of
sewage sludge leachate by NaOH and Na,S produces sludge having bad filtration properties
(SRF=31.7 x 10"* m kg). The TS percentages of the sludge produced were quite comparable
for the treatment by NaOH, Ca(OH), and NaOH/Na,S (14 to 16%), low in the case of the NaOH
with Na,COs3; combination (10-11%) and quite high for NaOH with Na,HPO4 combination

(20%).
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5.7 Conclusion

Various precipitant agents were used in this work to evaluate the efficiency of metals removal
from three acidic leachates: soil, incinerator fly ash and sewage sludge leachates. Dewatering

properties of the formed precipitates were also studied.

Two modes of treatment have been used, a simple treatment by addition of hydroxide salts and a
combined treatment by a mixture of hydroxide salt and others precipitant agents. The results
obtained are specific to the type of leachate used. However, it appears that for each leachate, the
simple treatment by adding Ca(OH), gives better metals removal at pH 10.0 than NaOH at same
pH. For all leachates used, treatment with combination of NaOH and Na,S leads to better
removal for Pb2+, Zn2+, Cu*" and Mn*" ions than in the two other cases (NaOH with Na,COj; or

Na,HPO,.).

The dewaterability (vacuum filtration) of precipitates produced during the treatment of soil
leachate was established as follows on the basis of the specific resistance to filtration values
(SRF): sulphides (4.3 x 10" m kg'l) < phosphates (6.4 x 10" m kg'l) < hydroxides [Ca(OH);]
(142 x 10" m kg'l) < hydroxides [NaOH] (19.7 x 10" m kg'l) < carbonates (26.5 x

10" mkg™).

The behavior towards dewatering characteristics from the neutralization of the studied leachates
by adding caustic soda (NaOH) or lime (Ca(OH);) at pH 10.0 has been studied. Experimental
results in table 5.7 show that the substitution of caustic soda (Na") by lime (Ca®"), decrease SRF
values (better filterability). This decrease is due essentially to the increase of the ionic strength I.

this can be easily verified by the following formula: I = 2 £ C; Ziz; where C; and Z; are the
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concentration and the charge of the i™ specie, respectively. This is in agreement with previous

works of Dustan et al. [39], Moghadam et al. [38], and Djedidi et al. [20].-

For fly ash treatment, the obtained results are quite similar whatever the treatment mode is used.
The SRF values are in a range of 5.0 to 7.3 x10'> m kg™ and those of SVI are in a range of 39 to

50 mL g'l.

The precipitates formed in the case of sewage sludge by the combined treatment (NaOH with
Na,HPO,) at pH 8.0 gave best results for the settling and vacuum filtration (180 mL g”' and

7.6 x10"* m kg™, respectively).
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Figure 5.1 Metal removal efficiency in the soil leachate (simple precipitation with NaOH) vs pH. Symbols:
(¢) MINEQL+ predictions; (o) Experimental points
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Figure 5.2 Metal removal efficiency in the fly ash leachate (simple precipitation with NaOH) vs pH.
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Figure 5.3 Metal removal efficiency in the sewage sludge leachate (simple precipitation with NaOH) vs pH.
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Tableau 5.1 Composition (mg L) and removal yields (%) of the soil leachates before and after precipitation treatment
Elements Before precipitation After precipitation treatment
(1) @) NaOH" Ca(OH)," NaOH+Na,S"” NaOH+Na,CO;"’  NaOH+Na,HPO,"”

NG mg/L 233 19.3 3.79+0.50 1.74+0.10 0.62+0.58 0.41+0.21 0.35+0.06
% - - 83.7 92.5 97.3 98.2 98.2

Ba®* mg/L  1.28 1.28 1.28 +0.00 1.01+0.03 0.93+0.08 0.94+0.07 0.06 +0.01
% - - 00.0 211 27.3 26.6 95.3

Ca* mg/L 253 273 276 +6 629 £33 243+3 231+18 169+ 1
% - - - - 03.9 8.7 38.1

cd* mg/L  0.08 0.01 0.00 +0.00 0.00 +0.00 0.00 +0.00 0.00 +0.00 0.00 +0.00
% - - 100 100 100 100 100

Co** mg/L  0.06 0.06 0.01 £0.00 0.01 +£0.00 0.01 £0.00 0.01 +0.00 0.01 +£0.00
% - - 83.3 83.3 83.3 83.3 83.3

cr’ mg/L  0.25 0.13 0.03+0.01 0.01 £0.00 0.01 £0.00 0.01 £0.00 0.00 +0.00
% - - 88.0 96.0 96.0 96.0 100

Cu** mg/L 269 28.5 1.22+0.65 0.06 +0.00 0.02+£0.01 0.33+0.07 0.06 +0.01
% - - 95.5 99.8 99.9 98.8 99.8

Fe, mg/L 397 322 0.92+0.24 0.03+0.01 027 +£0.08 0.12+0.08 0.20+0.01
% - - 97.7 99.9 99.3 99.7 99.4

Mg** mg/L 324 24.0 10.0+4.7 8.74+4.40 184+59 21.6+0.7 21.3+0.1
% - - 69.1 73.0 43.2 33.3 113

Mn, mg/L  6.05 5.71 0.11+0.01 0.02 +0.00 0.05+0.01 3.22+0.40 0.73 £0.04
% - - 98.2 99.7 99.2 46.8 87.2

Ni** mg/L 027 0.13 0.01 +0.00 0.00 +0.00 0.00 £ 0.00 0.08 +0.01 0.09+0.01
% - - 96.3 100 100 704 66.6

Pb** mg/L 696 719 128+1.3 0.05+0.03 0.19+0.17 0.35+0.13 0.08+£0.01
% - - 98.2 100 99.9 99.9 100

Zn* mg/L  4.25 4.19 0.13+£0.04 0.02 +£0.01 0.04+0.04 0.23+0.20 0.10+0.02
% - - 96.9 99.5 99.1 94.6 97.6

P mg/L  3.37 1.28 0.16 +£0.00 0.00 +0.00 0.13+0.08 0.10+0.05 153+0.1
% - - 95.3 100 96.1 97.0 -

S mg/L 181 1.34 1.81 +0.00 1.28+0.10 - 1.63+0.20 0.98 +£0.02
% - - 0.0 29.3 - 9.9 26.9

M Refers to the 1% leachate.
@ Refers to the 2™ leachate.
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Tableau 5.2 MINEQL+ software predictions of the most abundant solid species and complexes (%) obtained by treatment of soil leachate
Elements NaOH NaOH NaOH+Na,S NaOH+Na,COs NaOH+Na,HPO,
(pH 10.0) (pH 5.0) (pH 7.5) (pH 7.5) (pH 8.0)
APP" (89.1) AI(OH);, (100) AI(OH), (100) Al(OH), (100) AI(OH), 100 (AIPO,)
(10.9) AI(OH)4
Ca®" (99.9) Ca** (100) Ca** (100) Ca** (100) Ca** (75.1) Ca*',
(0.01) CaOH" (24.9) CasH(PO4);.3H,0
Cu* (100) Cu(OH), (100) Cu** (100) CuS (100) CuCOs (100) Cu3(POy),
Fe, (100) Fe(OH); (100) Fe(OH); (100) Fe(OH); (100) Fe(OH); (100)FePO,
Mg** (70.7) Mg*", (100) Mg** (100) Mg? (99.0) Mg*, (100) Mg**
(2.8) MgOH’, (1.0) MgHCO;"
(26.5) Mg(OH),
Mn, (14.9) Mn*", (100) Mn** (78.4) MnS, (72.9) Mn*", (100) MnHPO,
(3.8) MnOH", (21.6) Mn*" (27.1) MnCO;
(80.8) Mn(OH),
Pb>" (100) Pb(OH), (100) Pb*" (100) PbS (89.0) PbCO:s, (79.5) Pb3(POy),,
(11.0) Pb(OH), (20.5) Pb(OH),
7n>" (6.6) Zn(OH)5, (100) Zn** (100) ZnS (17.0) Zn*", (86.1) Zn3(PO,),.2H,0,
(7.5) Zn(OH)x(ag), (1.7) ZnOH", (11.1) Zn*,
(88.3) Zn(OH), (4.9) ZnCOs(aq), (2.8) ZnOH"
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Tableau 5.3 Composition (mg L") and removal yields (%) of the fly ash leachates before and after precipitation treatment

Elements Before precipitation After precipitation treatment
(1) Q) NaOH" Ca(OH)," NaOH+Na,s"” NaOH+Na,CO;”

NG mg/L 2060 1710 8.56+£2.77 19.5+1.7 0.68 +0.05 0.33+0.01
% - - 99.6 99.1 100 100

Ba®* mg/L 3.95 2.88 0.52+0.02 0.35+0.03 0.21+£0.01 0.20+0.01
% - -

Ca* mg/L 11000 11100 9650+ 10 - 9590 + 40 9750 + 60
% - - 12.3 - 12.8 12.2

cd* mg/L 229 27.7 0.14+0.08 0.00 +0.00 0.00 £ 0.00 19.4+0.5
% - - 99.4 100 100 30.0

Co** mg/L 1.38 1.38 0.00 = 0.00 0.00 +0.00 0.01 £0.00 0.26 +£0.06
% - - 100 100 99.3 81.2

cr’ mg/L 7.16 8.52 0.04+£0.02 0.01+0.00 0.01 £0.01 0.03 +0.02
% - - 99.4 99.9 99.9 99.6

Cu* mg/L 41.6 63.8 2.43+1.88 0.03+0.01 0.03+£0.01 0.75+0.09
% - - 94.2 99.9 99.9 98.8

Fe, mg/L 321 243 0.82+0.42 0.19+0.06 0.05+0.02 0.00 +0.00
% - - 99.7 99.9 100 100

Mg** mg/L 766 850 431+1.85 1.60 +0.39 633+11 743 £ 13
% - - 99.4 99.8 174 12.6

Mn, mg/L 42.6 48.2 0.03 +0.02 0.02 +0.00 0.51+£0.04 15.1£0.5
% - - 99.9 100 82.5 68.6

Ni** mg/L 6.34 8.83 0.01 £0.01 0.00 = 0.00 0.03 £0.02 0.64+0.14
% - - 99.8 100 99.5 92.8

Pb** mg/L 147 159 0.29+0.21 0.04 +0.03 0.24+0.04 0.42+0.34
% - - 99.8 100 99.8 99.7

Zn* mg/L 928 1030 0.16+0.17 0.02 +0.00 0.08 = 0.06 22.5+£0.7
% - - 100 100 100 97.8

P mg/L 587 578 0.46 +0.01 0.13+0.08 0.12+0.11 0.10+0.07
% - - 99.9 100 100 100

S mg/L 419 419 13717 30.8+2.1 328+1 319+6
% - - 67.3 92.6 - 23.9

M Refers to the 1% leachate.
@ Refers to the 2™ leachate.
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Tableau 5.4 MINEQL+ software predictions of the most abundant solid species and complexes (%) obtained by treatment of fly ash leachate
Elements NaOH NaOH NaOH+Na,S NaOH+Na,CO3
(pH 10.0) (pH 5.0) (pH7.5) (pH 7.5)
AP* (99.9) AI(OH);, (85.6) Al(OH);, (100) AI(OH);
(0.1) AI(OH)4 (14.4) AIPO,
Ca* (86.3) Ca*', (100) Ca** (88.4) Ca”', (88.4) Ca*',
(68) Ca4H(PO4)3.3H20, (65) Ca4H(PO4)3.3H20, (65) Ca4H(PO4)3.3H20,
(2.6) CaS0,4.2H,0, (1.0) CaS0O,4.2H,0, (1.0) CaS0O4.2H,0,
(2.0) CaSO4(aq) (2.0) CaSOy4(aq) (2.0) CaSO4(aq)
Cu* (100) Cu(OH), (74.3) Cu*', (100) CuS (100) CuCO;
(22.4) CuCI',
(1.5) CuCly(aq),
(1.5) CuSOy(aq)
Fe, (100) Fe(OH); (100) Fe(OH); (100) Fe(OH); (100) Fe(OH),
Mg* (98.0) Mg(OH),, (98.3) Mg, (98.3) Mg, (98.3) Mg*",
(2.0) Mg2+ (1.7) MgSO4(aq) (1.7) MgSO4(aq) (1.7) MgS04(aq)
Mn, (98.2) Mn(OH),, (92.8) MnHPO,, (90.4) MnHPO,, (88.9) MnHPO,,
(1.8) Mn** (5.4) Mn™", (9.6) MnS (11.1) MnCO;
(1.3) MnCI"
Pb** (100) Pb(OH), (96.7) Pb3(POy),, (100) PbS (100) Pbs(PO4),
(1.3) PbCly(aq),
(1.5) PbCl’
Zl’l2+ (100) ZH(OH)2 (603) Zn3(PO4)24H20, (627) Zn3(PO4)24H20, (855) Zn3(PO4)24H20,
(23.5) Zn*, (37.3) ZnS (11.2) ZnCO;.1H,0,

(11.6) ZnCI",
(3.6) ZnCly(aq)

(3.3) Zn*"
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Tableau 5.5 Composition (mg L") and removal yields (%) of the sewage sludge leachates before and after precipitation treatment
Elements Before precipitation After precipitation treatment
(1) ) NaOH" Ca(OH)," NaOH+Na,S"” NaOH+Na,CO;”  NaOH+Na,HPO,"”

NG mg/L 46.3 47.9 477+ 1.44 5.20+0.47 0.47+0.01 0.20+0.04 0.13+0.03
% - - 89.7 88.8 99.0 99.6 99.7

Ba®* mg/L 0.82 0.71 0.16+0.01 0.34+0.05 0.07 +0.00 0.08 +0.01 0.02+0.01
% - - 80.5 58.5 915 90.2 97.2

Ca** mg/L 439 406 242 +39 - 236 + 4 246 + 14 64.1+2.1
% - - 449 - 46.2 39.4 84.2

cd* mg/L 0.56 0.53 0.00 +0.00 0.00 +0.00 0.05+0.01 0.01 +£0.00 0.04 +£0.03
% - - 100 100 911 98.1 92.5

Co** mg/L 0.27 0.23 0.03 +0.00 0.02 +0.00 0.04+0.01 0.03+0.01 0.06 +0.02
% - - 88.9 92.6 85.2 87.0 73.9

cr’ mg/ 0.58 0.55 0.01+0.01 0.01 £0.00 0.00 +0.00 0.00 +0.00 0.00 +0.00
L
% - - 98.3 98.3 100 100 100

Cu** mg/L 441 4.85 0.52+0.09 0.48 £0.03 0.19+0.02 0.34+£0.06 0.47 £ 0.04
% - - 88.2 89.1 95.7 93.0 90.3

Fe, mg/L 867 783 2.50+0.24 2.72+0.12 0.88+0.10 1.00 +0.06 0.53+0.08
% - - 99.7 99.7 99.9 99.9 99.9

Mg** mg/L 36.1 35.2 944 +1.11 157+3.4 341+0.5 329+0.8 31.7+0.5
% - - 73.9 56.5 05.5 06.5 09.9

Mn, mg/L 8.21 7.78 0.12+0.03 0.12 +£0.02 0.39+0.04 1.26 £0.35 0.13+0.03
% - - 98.5 98.5 95.2 83.8 98.3

Ni** mg/L 0.79 0.69 0.11+0.01 0.12+0.01 0.04 £0.01 0.12+0.03 0.10+0.01
% - - 86.1 84.8 94.9 82.6 85.5

Pb** mg/L 2.15 1.62 0.22+0.01 0.20+0.01 0.02£0.02 0.00 +0.00 0.01+0.01
% - - 89.8 90.7 99.1 100 99.4

Zn* mg/L 5.62 5.14 0.37+0.02 0.32+0.01 0.03+0.01 0.07 +£0.03 0.05+0.01
% - - 93.4 94.3 99.5 98.6 99.0

P mg/L 80.8 80.3 4.08+£0.04 3.84+0.07 2.64+0.08 0.55+0.01 264+28
% - - 95.0 95.2 96.7 99.3 -

S mg/L 780 704 677+ 18 681 +£20 687 +4 679 £ 17 664 £ 25
% - - 13.2 12.7 - 03.5 05.7

M Refers to the 1% leachate.
@ Refers to the 2™ leachate.

268



Tableau 5.6

MINEQL + software prediction of the most abundant solid species and complexes (%) obtained by treatment of sewage sludge leachate

Elements NaOH NaOH NaOH+Na,S NaOH+Na,COs NaOH+Na,HPO,
(pH 10.0) (pH 5.0) (pH 7.5) (pH 7.5) (pH 8.0)
APP" (98.3) AI(OH)s, (100) AIPO, (100) AI(OH); (100) AI(OH)s (79.2) AIPO,,
(1.5) AI(OH),” (20.8) AI(OH);
Ca®" (15.4) Ca™, (20) Ca™", (30.4) Ca,H(PO4);.3H,0,  (30.4) CagH(PO,)3.3H,0,  (83.7) CaH(PO,);.3H,0,
(52.5) CaSOyg), (55.4) CaSOy(aq). (52.2) CaSO4(aq), (52.2) CaSO4(aq), (16.3) CaSO4(aq)
(31.9) Ca,H(PO,);.3H,0  (24.6) CaSO4.2H,0 (17.4) Ca** (17.4) Ca**
Ccut (100) Cu(OH), (25.8) Cu™, (100) CuS (100) CuCOs (100) Cus(PO4),
(74.2) CuSO4(aq)
Fe, (100) Fe(OH); (94.9) Fe(OH)s, (100) Fe(OH); (100) Fe(OH)5 (42.7) Fe(OH)s,
(5.1) FePO, (57.5) FePO,
Mg** (58.8) Mg(OH),, (68.8) MgSO4(aq), (68.9) MgSO4(aq), (68.9) MgSO4(aq), (18.2) Mg*",
(29.6) MgSO4ag), (31.2) Mg** (31.1) Mg* (31.1) Mg** (17.8) MgHPO,(aq),
(10.5) Mg** (64.0) MgSO4(aq)
Mn, (100) MnHPO, (95.4) MnHPO,, (100) MnHPO, (100) MnHPO, (100) MnHPO,
(3.1) MnSOq(aq),
(1.4) Mn*"
Pb*" (100) Pb(OH), (87.5) PbSO4(aq), (100) PbS (100) Pb3(PO,), (100) Pby(PO,),
(9.4) Pb*,
(4.1) Pb(SO,),>
7n2" (99.1) Zn(OH), (24.2) Zn*, (100) ZnS (79) Zn3(POy),.4H,0, (100) Zns(PO,),.4H,0
(68.4) ZnSO4(aq), (21) ZnCO;.H,0
(7.4) Zn(SO,),™>
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Tableau 5.7 Dewatering characteristics of the sludge produced during treatment of the leachates
Leachates Reagents Settling Filtration Centrifugation
SVI TS SP FC SRF TS
mLgh)  (oww?) (kg m’) (kgm’h")  (mkg' x10?) (%ow w)
Soil NaOH 1170 188+1.0 6.7+0.2 1.6+0.1 19.7+1.3 8.0+04
Ca(OH), 098 +0 252+14 39+0.2 1.1+£0.2 142+25 7.7+0.3
NaOH + Na,S 072+7 184+1.1 530+0.1 29+0.2 43+0.3 8.1+04
NaOH + Na,CO; 113+4 72.7+33 1.8+0.1 0.6+0.0 26.5+4.0 7.6+0.7
NaOH + Na,HPO, 132+0 36.7+0.8 33+02 22402 6.4+2.0 6.8+0.3
Fly ash NaOH 39+0 163+32 56.4+£2.2 1.9+0.3 62+0.3 10.0+0.0
Ca(OH), 50+0 16.4+1.2 463+54 25+03 50+0.8 9.7+0.3
NaOH + Na,S 46 £0 16.0+0.1 58.6£0.6 1.6+0.2 73+£0.2 104+0.5
NaOH + Na,CO; 48+0 17.3+0.1 613=+15 20+0.6 53+0.2 11.3+1.1
Sewage sludge NaOH 221+3 15.1+0.5 8.0+0.0 0.6+0.0 23.5+04 5.1+0.1
Ca(OH), 177+2 16.1+14 7.9+0.1 0.7+£0.0 19.8+£0.5 6.0+0.1
NaOH + Na,S 391+£2 143+03 6.5+0.1 04+0.2 31.7+£1.2 7.1+1.8
NaOH + Na,COs 277+2 10.6+0.5 7.2+0.0 0.4+0.1 239402 51+0.7
Na,HPO, + NaOH 180+2 204+2.1 7.6+0.1 1.5+0.2 07.6+0.2 7.7+£0.1
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CHAPITRE VI

DEVELOPMENT OF A NEW CHEMICAL AND TECHNO-
ECONOMIC MODEL FOR THE TREATMENT OF METAL-

POLLUTED EFFLUENTS BY PRECIPITATION TECHNIQUES

Le Chapitre 6 est constitué de 1’article suivant :

Zied Djedidi, Médard Bouda, Ridha Ben Cheikh, Jean Frangois Blais, Guy Mercier et Rajeshwar
Dayal Tyagi (2009) Development of a new chemical equilibrium and techno-economic model for
the treatment of metal-polluted effluents by precipitation. Hydrometallurgy. (soumis le

23 juin 2009).
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Résumé

Un nouveau progiciel informatique portant I’acronyme PITEM (Programme Informatisé de
Traitement des Effluents Métalliques) a été développé pour la prédiction du traitement des
effluents métalliques par les techniques de précipitation. PITEM intégre un modele de spéciation
chimique permettant de calculer les concentrations résiduelles en métaux, un modéele
mathématique pour la prédiction des caractéristiques de déhydratation et de production de boues
et un module économique pour 1’évaluation du coft total de traitement et ce, par les techniques
de précipitation étudiées. PITEM est écrit en langage Visual Basic sous la plate-forme de
Microsoft EXCEL et il est congu comme un progiciel facile a utiliser a des fins industrielles et/ou
académiques. Des essais de précipitation ont été réalisés avec des solutions multimétalliques et
avec un lixiviat de sol dans le but de comparer la production de boue humide expérimentale a
celle prédite par le programme aprés une séparation solide-liquide (S/L) par I’intermédiaire
d’une filtration sous pression. Les résultats de simulation montrent que les valeurs de ST sont en
accord avec celles calculées expérimentalement, excepté dans le cas de la précipitation du
lixiviat de sol par les sulfures a pH 7.5, ou la valeur de ST prédite [23.1% (p/p)] est 1égerement
supérieure a la valeur expérimentale [18.4% (p/p)]. Cette divergence est attribuable a la
formation de colloides de soufre. Le colt unitaire de traitement estimé par le programme pour les
quatre scénarios de traitement par précipitation, suit 1’ordre ascendant suivant: carbonates
(Na,COs) < sulfures (Na,S) < phosphates (Na3PO,) < hydroxydes (NaOH). La neutralisation par
les carbonates est la plus économique, en raison des bonnes caractéristiques de déshydratation

des boues générées.
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6. DEVELOPMENT OF A NEW CHEMICAL AND TECHNO-
ECONOMIC MODEL FOR THE TREATMENT OF METAL-

POLLUTED EFFLUENTS BY PRECIPITATION TECHNIQUES

6.1 Abstract

A new computer program (PITEM) for the prediction of metal-finishing effluent treatment by
precipitation techniques has been developed. PITEM integrates a mathematical model for the
prediction of the sludge dewaterability and the volume of metallic sludge produced, and an
economic module for the evaluation of the treatment costs of metal-rich effluent by precipitation
techniques. It integrates also a chemical equilibrium model to predict the nature of the potential
solid phase expected. PITEM is written with Visual Basic Language under the Microsoft EXCEL
platform and is designed as easy-to-use software for industrial and/or academic purposes.
Nevertheless, PITEM database must be updated as in the context of future research to give it
more accurate output data and a wider field use. Precipitation assays have been conducted in
laboratory with multi-metallic solutions and polluted-soil leachate in order to compare wet
sludge production with those predicted by the program after a mechanical S/L separation by a
pressure filtration. Simulation results show that predicted total solids (TS) are in agreement with
those calculated experimentally, except in the case of soil leachate precipitation with sulfide at
pH 7.5 where TS predicted (23.1% w/w) is slightly higher (less water content) than the
experimental value (18.4%) due to the formation of colloidal sulfur. Unitary treatment costs
($/m’) estimated by the program for the four scenarios of soil leachate treatment by precipitation
follow the ascending order: carbonates (Na,CO3) < sulfides (Na,S) < phosphates (Na3;PO,) <
hydroxides (NaOH). Limestone (carbonate) neutralization is the most cost-effective soil leachate

treatment due to the good dewatering characteristics of the generated sludge (TS = 72.7%).
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6.2 Keywords

Metal; Precipitation; Sludge; Chemical equilibrium software; Hydroxide; Sulfide; Phosphate;

Carbonate.

6.3 Nomenclature

A filter area (m?)

G initial concentration of metal “1”

Cs solid concentration in the suspension (kg/m”)
EST equilibria speciation tool

f number of filtration cycles

GA genetic algorithm

M; molecular weight of metal “i” precipitate

PES process engineering system

PITEM programme informatis¢ de traitement des effluents métalliques
Pr; proportion of metal precipitate “i” in the mixture
PSp predicted Sludge production (kg/m?)

S/L solid-liquid

SP sludge production (kg/m®)

T, cycle time (sec)

TS total solids (% w/w)

TSp predicted mixture total solids (% w/w)

TTC total treatment cost

A% filtrate volume (m’)

XRD X-ray diffraction

Vi theoretical yield of precipitation reaction of metal “i”
o specific resistance of the cake (m/kg)

1) viscosity of the filtrate (Pa.s)
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6.4 Introduction

It is essential to remove or reduce the presence of inorganic contaminants in order to diminish
the possibility of uptake by plants, animals and humans and their accumulation in the food chain
and also to prevent them from contaminating surface and groundwater by dissolution or
dispersion (McLaughlin et al. 2000; Kabata-Pendias, 2001). A lot of researches have been
accomplished in last decades to develop efficient and economic process to remove heavy metals

from polluted effluents (Blais et al.1999; Kurniawan et al. 2006).

Among these technologies, precipitation still the most commonly used process for the removal of
metals from industrial effluents because it offers a most cost-effective solution applicable to
large operating units (Patterson, 1988; Baltpurvins et al. 1996a; Mishra, 1999; Blais et al. 2008).
Soluble metals can be precipitated as hydroxides by using different alkaline reagents, like CaO,
Ca(OH),, Mg(OH),, NaOH and NH,OH (Mirbagheri and Hosseini, 2004; Djedidi et al. 2009a,b).
Some other precipitating agents can be used to reach lower residual soluble metal concentrations
(Islamoglu etal. 2006) and/or to produce metallic sludge having better thickening and
dewatering properties (Kim etal. 2002; Viadero etal. 2006). These others precipitation
techniques notably include the formation of insoluble metal phosphates (Mavropoulos et al.
2002; Pigaga et al. 2002), metal sulfides (Veeken and Rulkens, 2003; Al-Tarazi et al. 2004) and

metal carbonates (McAnally et al. 1984; Guillard and Lewis, 2002).

In some cases, the handling costs of generated sludge are an important part of the total
wastewater costs, and its disposal is a relevant environmental concern (Metcalf and Eddy, 1991;
USEPA, 1996). In metal precipitation techniques, sludge dewatering is an important process. It

reduces the volume of sludge and, consequently, the costs for transporting the sludge to its
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ultimate disposal site. Moreover, dewatered sludge is generally much easier to handle and
transport. Drying bed, belt filter press, plate and frame filter press, vacuum filter, and centrifuge
are some common sludge dewatering methods. The efficiency of mechanical dewatering depends
mainly on the dewaterability of the sludge. The floc size and density are found to be the major
factors affecting dewaterability. Sludge with higher floc density and larger floc size is generally

much easier to dewater (Mitchell and Schweers, 1989; Nguyen et al. 2008).

Computer simulation tools (HYDRAQL, MINEQL+, MINTEQA2, PHREEQC) incorporating
extensive databases have also been developed to simulate aqueous-based chemical systems
involving a variety of species over a broad range of temperature, pH and composition (Westall
etal. 1976, Parkhurst et al. 1980; Papelis etal. 1988; Allison etal. 1991). Many computer-
assisted thermodynamic chemical equilibrium models have been written over the years but many
of these are designed for a narrow purpose (Mattigod etal. 1995). A good knowledge of
dewatering characteristics of the metal precipitates produced is also necessary to evaluate the

techno-economic performance of different metal precipitation methods (Djedidi et al. 2009a,b).

Decision-making, regarding to the implementation of metal-contaminated effluent treatment
projects, requires detailed knowledge of techno-economic feasibility of metal removal and
metallic sludge management. Before reaching a final decision on the treatment of effluents by
precipitation process, techno-economic pre-feasibility and feasibility should be made. It is
important to note, that PES often integrate many disciplines and solutions approaches within a
certain process optimization project and contribute significantly to the feasibility and economics

of the plant design (Klatt and Marquardt, 2009).

Thus, the aim of the present work is to develop a PES for the prediction of metal-rich effluent

treatment by precipitation techniques. This computer tool integrates a mathematical model that
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provides a new validated, and generalizable predictor for the sludge volume generated, an
economic module for the evaluation of the total cost of effluent treatment and disposal, and also
a chemical equilibrium model to predict the solid phase to be precipitate. Laboratory

precipitation assays were also conducted to verify the validity of the software predictions.
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6.5 Description of the program

6.5.1 Structure in Microsoft EXCEL software

PITEM is a computerized model written with Visual Basic Language under Microsoft EXCEL.
This program includes two main modules; a thermodynamic chemical equilibrium model couples
with a techno-economic module. PITEM provides the most cost-effective solution among
precipitation techniques for the treatment of metal-rich effluents. Fig. 6.1 shows the basic steps

of PITEM operating organigram.

The model user must supply chemical and economic data specific to the studied case (input
data). In total, the model includes 22 dialog boxes for the input of operating conditions. Fig. 6.2
shows a flowsheet of the dialog boxes interfaces used in PITEM, whereas Fig. 6.3 shows two
examples of interfaces. In practice, opening up some dialog boxes is associated with the choice
of treatment mode, so that several dialog boxes are not opened during this same simulation. This

program is available on the INRS web site under the following link: http://www.inrs-

ete.uquebec.ca/index.php?page=5 3.

6.5.2 Chemical equilibrium module

To simulate chemical equilibrium systems, PITEM uses thermodynamic data extracted
from MINEQL+ database coupled with the computer code of EST developed by Del Piero et al.
(2006). The EST approach is based on classical stoichiometric mass balance equations. First,
thermodynamic activities and mass-action equations are described for aqueous species. Then, a
set of functions are defined that must be solved simultaneously to determine equilibrium for a
given set of conditions. Many of these functions are derived from mole-balance equations for

element valence state or from mass-action equations for pure phases and solid solutions.
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Additional functions are derived for alkalinity, activity water, and aqueous charge balance. Each
function is reduced to contain a minimum of number of variables, such that the number of
functions equals the number of variables. To solve the resulting nonlinear system of equation
EST use Newton-Raphson method. This method ensures a rapid quadratic convergence but
requires initial estimates close enough to the true solution and can also diverge in particular
chemical systems. To circumvent this problem more robust numerical methods like GA is used
in EST, which, on the other hand, presents the disadvantage to be slower. It should be noted that
GA are a group of mathematical techniques which were initially designed to simulate the
behaviour of biologically based adaptive systems. Despite GA were not initially developed as an
optimisation technique in itself, it can be modified to produce a powerful optimiser based on

parallel search technique (Del Piero et al. 2006).

PITEM computes interactions between 19 metallic ions abundant in industrial inorganic
effluents. Thermodynamic database is extensive and adequate for solving a broad range of
problems without need for additional user-supplied constants. However, the standard database

can easily be modified if it is found to be incomplete or inadequate for a specific problem.

It is noticed that the ionic strength “I” has not been considered by the software to correct
ionic equilibrium concentrations. Indeed, calculations using this parameter showed that its use

doesn’t have quite any influence on the final results, essentially on an industrial scale.
6.5.3 Techno-economic module
6.5.3.1 Economic considerations

The innovation introduced for PITEM, is that it takes into account the economic aspect in the

treatment project by precipitation techniques. Effluent treatment cost is estimated according to a
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simplified plant design of industrial process for metal-effluent decontamination and is given by
Figure 6.4. Metal rich-effluent and chemical reagents (from chemical reagent tank) are routed to
the neutralization tank through influent and dosing pumps, respectively. Once the precipitation
operation is completed, effluent is pumped (effluent pump 1) to the settler. To complete
dewatering operation, the obtained low-solids slurries are sent (effluent pump 2) to a pressure
filtration (filter press). Sludge cake (high-solids) is deposited in storage vessel before waste
handling and disposal operations. Finally, effluent generated after dewatering operations (settling

and filtration) can be discharged to the sewer.

It should be noted that equipment cost is an important element in process economics (Ulrich,
1984). Equipment costs for sludge dewatering, storage tanks, pumps, etc., were derived from

www.matche.com. Equipment cost data were updated (June 2009) using the Marshall & Swift

Equipment cost index for the fourth quarter of 2008 published periodically in Chemical

Engineering (Chemical Engineering, 2009).

Labor, equipment, contractor hauling, chemical treatment, and off-site metallic sludge landfill
disposal have been combined within the PITEM program to provide an accurate economic
forecast of the studied wastewater treatment operations. Economic PITEM module was designed
based on the calculation techniques used in chemical engineering (Ulrich, 1984). The TTC
expressed in terms of US$/unit volume of effluent (m®) or in terms of US$/year, represents one
of the several output data provided by the model. TTC is calculated by summation of the direct,

indirect, general and the capital costs.
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6.5.3.1 Sludge production

Wet SP (after S/L separation process), is one of the most important parameters in the cost
prediction for the treatment of metal-contaminated effluent. In fact, the sludge handling and
disposal are the most significant challenges in wastewater management (Fytili and Zabaniotou,
2008). For the same effluent, SP differs from one precipitant agent to another due to differences
between their dewatering characteristics (Djedidi et al. 2009a,b). For this reason, PITEM must
provide a good estimate for the final total solids of the metallic sludge (w/w) and, subsequently,
the metallic sludge production per unit of treated effluent (kg/m’), and this after a mechanical
dewatering through a pressure filtration. To achieve this step, several laboratory precipitation

tests were conducted for synthetic and real metallic solutions (Djedidi et al. 2009a,b).

Sludge dewatering characteristics are inserted in PITEM program database. It should be noted
that database model must be updated as in the context of future research to give PITEM more

accurate output data and a wider field use.
6.5.3.3 Other examples of PITEM output data

In addition of its easy-use, PITEM provides to user a suitable forecast to better analyze
simulations results. In fact, besides SP and TTC, output data could be presented as a curve
(Fig. 6.4) (metal speciation over the desired pH range), or as a summary sheet including specific

characteristics to each studied metal (Fig. 6.5).
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6.6 Material and methods

6.6.1 MINEQL+ and PITEM simulations

To check the validity of PITEM in chemical equilibrium calculation, simulations were carried
out to predict in term of residual metal concentration, the efficiency of the treatment of a soil
leachate by hydroxide, phosphate, carbonate, and sulfide precipitations. MINEQL+ software
(version 4.5) was chosen as a reference tool. This program may be used to compute equilibrium
among dissolved, solid and adsorbed phases suitable for aqueous solutions based on the
appropriate thermodynamic stability constants. In the present study, models were constrained to
include only those solid phases that were found to govern solubility (example: oxides are not
considered due to kinetic considerations). Ionic strength was considered “off” within the
program. All calculations were performed at a constant temperature of 298K with the number of
iteration cycles constrained to 100. PITEM and MINEQL+ simulations were carried out for soil
leachate contaminated with AI’" (8.64x10* mol/L), Cu*" (4.23x10* mol/L), Fe**
(7.10x10* mol/L), Pb*" (3.36x107 mol/L), and Zn** (6.58x10”° mol/L), at pHs 10.0, 7.5, 7.5 and
8.0 for metal hydroxide, sulfide, carbonate, and phosphate precipitations, respectively. The

counter ion is chloride (CI™), for all systems.
6.6.2 Composition and preparation of the effluents
6.6.2.1. Soil leachate

Soil used in this work comes from the Pointe-aux-Liévres site (Québec, QC, Canada) and it
contained 73% (w/w) of sand, 21% (w/w) of silt and 6% (w/w) of clay. Some physical pre-
treatments (Grizzly, Tyler Sweco sieves, Reichert spiral and hydrocyclone) have been applied to

this soil to obtain granulometric fractions having different levels of metal contamination. The
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more metal-contaminated fraction (with particle size inferior to 20 pm and having 45% w/w of
water content) has been used for this work. The Pb and Zn concentrations in the soil fraction
used in this research were above the criteria C (commercial and industrial use) set by the
Ministry of Environment and Fauna of Quebec (MDDEPQ, 1999), which are respectively 1000

and 1500 mg/kg.

Batch reactor leaching tests were performed in order to produce an amount of soil leachate
needed for precipitation treatment. Experiments were conducted in a 10.0 L acrylic tank reactor
containing 1000 g (dry weight) of soil in which, a volume of tap water was added to reach a pulp

density of 10% (w/w). The suspension was then acidified to a pH 2.0 + 0.2 with HCI (12 mol/L).

Mixing was achieved by a variable speed mixer (Caframo RZR50 rotor) operated at 300 rpm and
using a three blade axial impeller (Stainless steel SS-316L) with a 7.62 cm diameter. After 6 h of
leaching, the mixture was centrifuged at 3000 % g (3625 rpm) for 10 min using a Beckman
Coulter Allegra™ 6 centrifuge, in order to separate solids and liquid. Supernatant was then

filtered using Whatman no. 4 membrane under a vacuum.
6.6.2.2 Multi-metallic synthetic solutions

Multi-metallic synthetic solutions having a concentration [M™] of 4.00x10” mol/L for each
metal were prepared starting from metal sulfate or chloride salts : Fez+, Fe3+, Zn2+, Mn2+, Cd2+,

Cu2+, Ni2+, Pb** (Lab Mat), A" (Baker). Distilled water was used for all the experiments.
Two multi-metallic solutions were prepared:
SIn A: contains Fe*", Mn2+, Zn2+, Cu’" and Cd*" in chloride matrix;

SIn B: contains Fe'", Al3+, Zn2+, Cu”" and Ni*" in sulfate matrix.
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6.6.3 Precipitation assays

Precipitation tests were realized at ambient temperature (22 +2°C). For each working pH, a
reaction time of 20 min was allowed for the system to reach equilibrium (Hove et al. 2008).
Hydroxide precipitation tests were done by adjusting pH solutions to 10.0 with the sodium
hydroxide solution. During the other precipitation tests, precipitating agents were firstly added to
solutions. A pH adjustment was done subsequently by adding sodium hydroxide to 7.0 for
phosphate and 8.0 for sulfide system in the case of synthetic solutions. A pH adjustment to 8.0
for the phosphate and 7.5 for the sulfide and carbonate systems was also made in the case of soil

leachate. All precipitation essays were done in triplicate.
6.6.4 Sludge filtration

Whatman No. 2 (8.0 pm pore size) membranes having an effective area of 12.50 cm” were used
during the pressure filtration tests. A pressure of 31.7 kPa was applied on 200 mL volumes of the
settled sludge samples inside a Fisherbrand stainless-steel pressure vessel (model 09-753-25A,
Fisher Scientific Ltd.). Filtration was stopped when no additional water flowed out of the sludge.
Weights of the dewatered sludge have been measured to evaluate the sludge production in term

of kg of sludge per cubic meter of treated effluent.

To extrapolate the laboratory conditions to the industrial full-scale ones, the following

relationship between the filter pressure and area has been used (Leclerc, 1997):

Equation 6.1  V/Axt.=[2(-AP) xf/pxa x Cyx t]”
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Where “V” is the filtrate volume (m®), “A” the filter area (m?), “p” the viscosity (Pa.s), “a” the
specific resistance of the cake (m/kg), “Cs” the solid concentration in the suspension (kg/m?), “f ”

the number of filtration cycles, and “T.” the cycle time (sec).

The application of this formula to our laboratory conditions (A = 12.5 cm?, P = 31.7 kPa) gives
for instance for an industrial full-scale case using a 4.0 m” filter press and a 2.5 m’ sludge
volume, a required pressure of 5 x 10 kPa (5.0 bars). This value corresponds well to pressure

ranges used in the industrial full-scale filter-press.
6.6.5 Analytical methods

The pH was determined before and after each experiment by using a pH-meter (Accumet
Research AR25 Dual Channel pH/Ion meter, Fischer Scientific Ltd., Nepean, Canada) equipped
with a double junction Cole-Parmer electrode with Ag/AgCl reference cell for pH (daily
calibration between 2 and 10). TS were measured according to the APHA method 1603 (APHA
etal. 1999). Metals in solution were measured by plasma emission spectroscopy with a
simultaneous ICP-AES (inductively coupled plasma - atomic emission spectroscopy, Vista Ax
CCO simultaneous ICP-AES from Varian, Mississauga, Canada). Before analysis, liquid samples
were first filtered on a Whatman 934-AH membrane (1.5 pm pore size) and were then acidified
to give a 5% HCI solution. Analytical quality controls were performed with a certified standard

solution (PlasmaCal Multielement Standard 900-Q30-100, SCP Science, Baie d’Urfé, Canada).
6.7 Results and discussion

6.7.1 Prediction of residual metal concentrations

Residual metal concentrations were calculated by PITEM in the case of soil leachate treatment

by hydroxide, sulfide, phosphate, and carbonate precipitations. Simulation results were compared
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with those calculated in the same conditions with MINEQL+. Tables 6.1 and 6.2 show that
residual metal concentrations, calculated with these two models, are almost identical. This
confirms the validity of PITEM’s chemical model to simulate equilibrium among dissolved and
solid phases suitable for aqueous solutions. It should be noted that experimental residual metal
concentrations are greater than those calculated theoretically (PITEM and MINEQL+)
(Tables 6.1 and 6.2) except for Zn for the two cases. This difference could be explained by the
presence of aluminum and iron hydroxides (adsorption and/or coprecipitation of metals might
occur with Fe(OH); and Al(OH)3) (Slavek et al. 1988; Marchioretto et al. 2005; Djedidi et al.

2009a).

This can be explained by kinetic considerations. In fact, it is important to take into considerations
that MINEQL+ and PITEMs and other comparable models, consider the chemical reactions at
their equilibrium (infinite times). Consequently, they do not integrate kinetic aspects, which can
be significant in metal precipitation techniques using short reaction periods (Celen et al. 2007,

Djedidi et al. 2009a,b).
6.7.2 Prediction of metal precipitates and sludge production
6.7.2.1 Multi-metallic synthetic solutions

Sin A treatment at pH 7.5 by adding soda ash (Na,COs3) generates metallic sludge having the
following predicted composition: 18% FeCOs;, 17% Cuy(OH),COs3, 27% CdCOs;, 20% ZnCO;
and 18% MnCOs; (Table 6.3). These proportions of metal precipitate in the mixture (Pr;) are

calculated using the formula:

Equation 6.2 Pri=CixM; xy; /Y Ci x M;Xy;
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Where “C;” is the initial concentration of the considered metal, “M;” the precipitate molecular
weight, and “y;” the theoretical yield of the precipitation reaction extracted from PITEM
chemical equilibrium calculations data. Total solids of the mono-metallic precipitates, after
filtration (TS;), are directly extracted from the experimental data presented in the reference

(Djedidi et al. 2009b). The predicted mixture total solids (TSp) have been calculated using the

formula:

Equation 6.3 TSp=> Prix TS;

The predicted sludge production values (PSp) were deduced directly from the total solids values

(TSp, kg/m) using the relation:

Equation 6.4 PSp=M,/ TSp

Where “My” is the produced dry sludge weight, equal to ). C; x M; X y;.

The obtained metal precipitates have been identified by XRD and confirmed by MINEQL+
simulations in a subsequent study (Djedidi et al. 2009a,b). Sludge obtained after mechanical
dewatering operation (pressure filtration), has a TS equal to 40.6% (w/w), corresponding to
sludge production of 6.3 kg/m’ (Table 6.3). TS value (43.4%), corresponding to sludge
production of 5.9 kg/m’, is predicted by PITEM and calculated by combining linearly the
proportions of each precipitate in the sludge and their specific TS set in an earlier study (Djedidi

et al. 2009a,b). It should be noted, that SIn A treatment by limestone neutralization (carbonates)
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generates flocs having good dewatering characteristics (TS equal to 40.6%). This was confirmed

by previous works (MEND, 1994).

TS (18.2% and 13.2%) and SP (11.2 and 14.4 kg/m®) predicted by PITEM in the case of Sln A
and Sln B treatment by sodium sulfide (Na,S) and caustic soda (NaOH), respectively are in

agreement with experimental values (TS: 16.6 and 11.2%; SP: 12.3 and 16.3 kg/m3) (Table 6.3).
6.7.2.2 Soil leachate

ICP analyses show that soil leachate is contaminated with metals: A" (8.64x10 mol/L), Fe**

(7.10x10™ mol/L), Pb** (3.36x10~ mol/L), Cu** (4.23x10™* mol/L), and Zn** (6.58x107 mol/L).

Soil leachate treatment with limestone (Na,COs) generate sludge composed of 7% Fe(OH)s,
4% Cuy(OH),CO3, 6% Al(OH)s, 8% Pb(OH),, and 74% PbCO; (Table 6.4). These metal
precipitates are predicted by PITEM and confirmed by MINEQL+ simulations in a subsequent

study (Djedidi et al. 2009a,b).

Sludge obtained after mechanical dewatering operation (pressure filtration), has a TS equal to
72.7% corresponding to a sludge production of 1.7 kg/m’ (Table 6.4). TS value of 63.6%,
corresponding to sludge production of 1.8 kg/m’, are predicted by PITEM, and were calculated
by combining linearly the proportions of each precipitate in the sludge and their specific TS set

in an earlier study (Djedidi et al. 2009a,b).

In the case of soil leachate treatment by adding phosphates (Na3;PO,) or sulfides (Na,S), sludge
obtained after dewatering process (pressure filtration) have TS equal to 36.7 and 18.4%,
corresponding to SP of 3.3 and 5.3 kg/m’, respectively (Table 6.4). Experimental values are
consistent with those predicted by PITEM in the case of phosphate precipitation: TS (37.2%) and

PS (3.3 kg/m). It should be noted, that predicted TS value in the case of soil leachate treatment
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by sulfide (TS: 23.1%) is slightly higher to experimental value, corresponding to a lower sludge
production PS (4.3 kg/m’). Difficulty encountered during the S/L separation is essentially due to
the production of colloidal sulfur formed by the oxidation of sulfide (S by ferric ions (Fe’)

(MEND, 1996).
6.7.3 Prediction of the soil leachate treatment cost

PITEM cost estimation is based on input data presented in Table 6.5 and a simplified scheme of
an industrial process for effluent decontamination presented in Fig. 6.6. Table 6.6 shows the total
costs estimation based on US$ per unit volume processed for the four scenarios of soil leachate

treatment.

PITEM’s simulation results show that difference between TTC among the studied precipitation
techniques (hydroxides, sulfides, carbonates and phosphates) is mainly due to three parameters:
chemicals, sludge handling and sludge disposal (Table 6.6). In fact, operating cost parameters
(except, for these three last parameters) are linked directly or indirectly to the capital cost. The
latter is closely related to the equipment design and thereafter to the maximum effluent flow rate
allowed in such industrial project. It can therefore be concluded that for a constant effluent flow
rate (1000 m*/day in this case), the only variable parameters whatever treatment scenario, are:

chemicals, sludge handling and sludge disposal.

PITEM simulation results revealed that, the TTC for soil leachate treatment varied from 4.62 to
5.18 $/m’ (Table 6.6). Obviously, the lower unit cost was detected for the limestone (Na,COs)
treatment. This was expected and is due to limestone relative cheap price (0.15 $/kg), and to the
interesting dewatering characteristics of the generated sludge towards pressure filtration

(predicted TS = 63.6%). Highest TTC is assigned to the most widely used precipitation
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technique (hydroxide). This is essentially due to the high cost of NaOH (0.50 $/kg) (Table 6.5)

and to the relatively low TS obtained after mechanical S/L separation 18.8% (result not shown).
6.8 Conclusion

A new computer program (PITEM) for the prediction of treatment of metal polluted-effluents by
precipitation techniques has been developed. PITEM is written with Visual Basic Language
under the Microsoft EXCEL platform and is designed as easy-to-use software. PITEM’s outputs
regarding to the total solids of the generated sludge are in agreement with those obtained
experimentally in the studied cases, except during soil leachate treatment with sulfides where TS
predicted (23.1% w/w) 1is slightly higher (less water content) than the experimental value
(18.4%) due to the formation of colloidal sulfur. Unitary treatment costs ($/m’) estimated by the
program for the four scenarios of soil leachate treatment by precipitation follow the ascending
order: carbonates (Na,COs) < sulfides (Na,S) < phosphates (Na3;PO4) < hydroxides (NaOH).
PITEM’s database (dewatering characteristics) must be updated as in the context of future

research to give PITEM more accurate output data and a wider field use.
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Figure 6.4 Effect of soil leachate pH on the quantity (mol/L) of the different copper species based on
chemical equilibrium calculations using the PITEM software. [Cu]; = 4.23x10™* mol/L, [Cl}; =
2.85x10” mol/L
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Simulation Informations

User name Zied Djedidi
Organism INRS-ETE

Date 09-06-23

Comment Simulation number 1

Valence State: +2
Copper Il Speciation
Concentration Proportion
(mol/L) (% Cu) Total Concentration
Free lon
cu™ 4,723E-12 0,0 Effluent mol/L mg/L;
Initial 4,230E-04 26,88
Complex ions 1,504E-09 0,0 Neutralized 4,230E-04. 26,88
Solids
Cu(OH), 0,000E+00 00
Cuz(OH):NOs 0,000E+00 0,0
Cuz(OH),CO; (MALACITE) 0,000E+00 0,0 Effluent pH
Cus(OH)2(COs); (AZURITE) 0,000E+00 0,0
Cu3(OH):SO, (ANTLERITE) 0,000E+00 0,0 ent H
Cus(POx),:3H,0 0,000E+00 0,0 Neutralized .50
Cu,(OH)5SO, (BROCHANTITE) 0,000E+00 0,0
Cu4(OH)sS04:H,0 (LANGITE) 0,000E+00 0,0
CuCl, (MELANOTHALLITE) 0,000E+00 0,0
cuco, 0,000E+00 00 Standard discharge
cucro, 0,000E+00 00
CuF, 0,000E+00 0,0 [ (mol/L) (mg/L;
CuF:2H,0 0,000E+00 0,0 Standard discharge 7,868E-05 5,00
CuS (COVELLITE) 4,230E-04 100 Position compared to standard Satisfied
Cuso, 0,000E+00 0,0
[CuSO,4:5H,0 (CHALCANTHITE) 0,000E+00 0,0
Copper Il balance
Forms (mol/L) (mg Cu/l) (%)
Solubles 1,508E-09 0,00 0,00
Solids 4,230E-04 26,88 100,00
Total 4,230E-04 26,88 100,00
Specific Solid Production
Wet weight (kg/m®) 0,243
Dry weight (kg/m®) 0,040
Total | 4,23E-04 100 Copper Il content (% wiw) 16,60
. . o
Figure 6.5 Example of output data for copper balance, sludge production and other characteristics

generated by the PITEM software during the simulation of the treatment of soil leachate using
sodium sulfide (Na,S)
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Tableau 6.1 Experimental and predicted residual metal concentrations using MINEQL+ and PITEM softwares for soil leachate treatment using
hydrated lime and sodium sulfide

Metals Hydroxides (pH 10.0) Sulfides (pH 7.5)
[M]; [M]:Exp [M]; PITEM [M]; MINEQL+ [M]; Exp [M]; PITEM [M]; MINEQL+
(mol/L) (mol/L) (mol/L) (mol/L) (mol/L) (mol/L) (mol/L)

A" 8.64x10* 6.45%107 4.00%107 4.00%107 2.30%107 1.31x107 1.31x107

Cu* 4.23x10* 9.44x107 1.51x10” 1.51x10” 3.15%107 8.85 x107" 8.89x1071°

Fe** 7.10x10* 5.37x107 4.42x10° 4.42x10® 4.83%10°° 1.69x107” 1.69x10°

Pb* 3.36x1073 2.45%107 1.61x10° 1.61x10° 9.17x107 5.30x1072 5.35x1072

Zn* 6.58x10°° 3.06x107 7.65%10° 7.65%10° 6.12x107 1.99x1071° 1.99x1071°
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Tableau 6.2 Experimental and predicted residual metal concentrations by MINEQL+ and PITEM softwares for soil leachate treatment using Na,COs

and Na,HPO,
Metals Carbonates (pH 7.5) Phosphates (pH 8.0)
[M]; [M]:Exp [M]; PITEM [M]; MINEQL+ [M]; Exp [M]; PITEM [M]; MINEQL+
(mol/L) (mol/L) (mol/L) (mol/L) (mol/L) (mol/L) (mol/L)
A" 8.64x10 1.52x107 1.31x107 1.31x107 1.30x107 4.05%107 4.05%107
Cu* 4.23x10* 5.19x10° 5.05%107 5.07x107 9.44x107 1.01x107 1.26x107
Fe** 7.10x10* 2.15%10°¢ 1.69x107 1.69x10” 3.58x10° 8.63x1071° 8.63x1071°
Pb* 3.36x10° 1.69x10°¢ 6.74x107 6.72x107 3.86x107 6.60x101° 6.76x107°
Zn* 6.58x10°° 3.52x10°° 6.58x10° 6.58x10° 1.53x10°® 9.88x10® 8.58x10
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Tableau 6.3

PITEM predictions of total solids and sludge production after pressure filtration generated by treatment of synthetic multi-metallic solution
based on the characteristics of mono-metallic sludge

Metals PITEM prediction Mixture total solids (% w/w) Sludge production (kg/m”)
Proportion of metal TS of each Predicted Experimental Predicted Experimental
precipitate in the monometallic
mixture (%o w/w) precipitate after
filtration (% w/w)
Carbonates Fe 2 (18) FeCO; 13.0
(solution A) Cu®? (17) Cuy(OH),CO;  46.0
Ccd (27) CdCO, 70.6 434 40.6 5.9 6.3
Zn 2 (20) ZnCOs5 17.6
Mn 2 (18) MnCO; 57.9
Sulfides Fe (2 (17) FeS 13.7
(solution A) Cu 2 (19) CuS 16.6
cd (28) CdS 14.4 18.2 16.6 11.2 12.3
Zn ™Y (19) ZnS 18.6
Mn 2 (17) MnS 30.9
Hydroxides Fe ¥ (23) Fe(OH); 115
(solution B) Cu ®? (20) Cu(OH), 26.2
Al (16) AI(OH); 6.8 13.2 11.2 14.4 16.3
Zn 2 (21) Zn(OH), 10.7
Ni 2 (20) Ni(OH), 95
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Tableau 6.4 PITEM predictions of total solids and sludge production after pressure filtration generated by treatment of soil leachate based on the
characteristics of mono-metallic sludge

Metals PITEM prediction Mixture total solids (% w/w) Sludge production (kg/m”)
g g
Proportion of metal TS of each monometallic Predicted Experimental Predicted Experimental
precipitate in the precipitate after filtration
mixture (% w/w) (% wiw)
Carbonates  Fe (7) Fe(OH), 8.0
Cu*? (4) Cuy(OH),CO;4 52.8
Al (6) Al(OH); 42 63.6 72.7 1.7 1.8
Pb 2 (8) Pb(OH), 51.4
Pb 2 (74) PbCO; 76.4
Phosphates ~ Fe (11) FePO4.2H,0 12.3
Cu™? (4) Cus(POy), 9.0
Al (10) AIPO4.1H,0 15.1 37.2 36.7 33 3.3
Pb 2 (14) Pb(OH), 51.4
Pb 2 (60) Pby(POy), 43.9
Sulfides Fe (¥ (8) Fe(OH); 8.0
Cu*? (4) CuS 16.6
» 23.1 18.4 43 5.3
AL (7) Al(OH); 42
Pb 2 (81) PbS 23.8
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Tableau 6.5

Operating and economic parameters used for the estimation of the effluent treatment costs

Parameters Units Values Parameters Units Values
Basic parameters Operating costs
Effluent flow m’/day 1000 Direct costs
Operating days day/year 350 NaOH $/kg 0.50
Operating hours h/day 24 Ca(OH), $/kg 0.10
Operating efficiency % 90 Na,S $/kg 0.30
Na,COs $/kg 0.15
Capital costs Na;PO, $/kg 0.70
Annual interest rate % 8 Labor unit cost $/h 25
Depreciation period Years 10 Electricity cost $/kWh 0.07
Equipment lifetime Years 20 Supervisory and clerical labor % Operating labor 15
Construction management fees % Capital cost 52 Maintenance and repair % Capital cost 3
Contingencies fees % Capital cost 10 Operating supplies % Maintenance and repair 15
Marshall & Swift Cost Index - 1487.2 Laboratory charges % Operating labor 1
Waste handling $/w.t. 20
Equip. installation & insulation % Equipments costs 39 Waste disposal $w.t 60
Instrumentation and control % Equipments costs 13
Piping % Equipments costs 31 Indirect costs
Electrical materials % Equipments costs 10 Taxes % Capital cost 2
Building process and services % Equipments costs 29 Insurances % Capital cost 0.5
Site preparation % Equipments costs 10 General expenses % Labor 60
Facilities and services % Equipments costs 55
Land acquisition % Equipments costs 6 General costs
Engineering and supervision % Equipments costs 32 Administrative costs % Labor 15
Construction costs % Equipments costs 34 Research & Development % Direct and indirect costs 3
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Tableau 6.6 Total costs (US$/m”) for the four scenarios of soil leachate treatment
Items Precipitation techniques

Hydroxides Carbonates Phosphates Sulfides
Operating costs
Direct costs
Chemicals 0314 0.111 0.265 0.136
Labor 0.297 0.297 0.297 0.297
Energy 0.014 0.014 0.014 0.014
Supervision 0.241 0.241 0.241 0.241
Maintenance 0.555 0.555 0.555 0.555
Supplies 0.083 0.083 0.083 0.083
Laboratory 0.016 0.016 0.016 0.016
Sludge handling 0.110 0.033 0.066 0.086
Sludge disposal 0.331 0.099 0.198 0.258
Total direct costs 1.951 1.450 1.735 1.638
Indirect costs 1.575 1.573 1.575 1.574
General costs 0414 0.406 0.424 0413
Capitalization costs
Depreciation 0.928 0.925 0.929 0.927
Interests 0.315 0.315 0.315 0315
Total costs 5.183 4.619 4978 4.868
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ANNEXE

BOITES DE DIALOGUE DU PROGICIEL PITEM

311






Fenétre 1
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Fenétre 3

CONDITICNS DE BASES

. pH iniial de Tefluent Mode de Sep des boues
|
15 & Décantation seule
pH final

" Décantation et filtration sous pression

1200
2 " Décantation et centrifugation

Débit de leffluent a traster (m3/d)

[

Fenétre 4

ceERaTION | ISATION | ’ZI

T ,— HOH

Hazs

Période dopération anmseBe (s as) Entretien et reparation (% capital) -~ Cot des agents peécipitants (SU.5.kg —
o 3 o
i}
Pétiods dopérati sdienne (e Matéri 2 o
iz [oa
] =
HgloH)z
Facleu deflicacaté (%) Frais de laboratoire (% M.O dopération) Lo
83
03

Coilt urstaire du transport des bouss (SUS/th)  Tames (% capital)
r e Na2C03
) 3

Coit urstaire de disposition des boues (SUS/Lh)  Assurance (% capial)

ra— — s

=

77

Cout unstaire de Telectnemd (SU S KWh) Dépenses géndrales (% MO) HaZ PO 13
007 fe OO [F]
Caoit urstumre de (SLLS ) Adminiseration (% MO}

Supervisien et MO de buress (36 MO opération) B et D (% codr direct et indirect)

=
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Fenétre 5

Fenétre 6

I i Elements de Valence positive
¥ AI(+3)
™ Ba(+2)
™ Be(+2)
™ ca(+2)
I~ cd(+2)
I Co(+2)
I cr(+3)
I~ cr(+6)
™ cu(+2)

I Fe(+2)

CHOIX DES COMPOSANTS
r‘

|

™ Fe(+3)

™ k(+1)

I~ mg(+2)

I~ Mn(+2)

™ Na(+D)

™ nig+2)

[~ Ph{+2)

™ sn(+2)

I~ zn(+2)

[ Autres
- Eléments de valence negative
Ficy
T E(1)
. Soufre [ Azote
[~ 8042 [~ NO3(-1)
" HS (1) [~ NH4 ()
- Phosph . Carbone
[~ PO4(-3) [ cos)

Arréter

CHOIX DES UNITES

Unités

Veuillez choisir les unités de concentration des matiéres en solution

" Concentration massique (mg/L)

(= Concentration molaire (M)
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Fenétre 7

CONDITIONS INITIALES
Ok

. — Eléments de valence positive (M)

|
Al(+3) Fe (+3)
Ba(+2) K1)
Be(+2) Mg (+2)
Ca(+2) Mn (+2)
Cd(+2) Na (+1)
Co(+2) Ni(#2)
Cr(+3) Pb(+2)
Cr(+6) Sn(+2)
Cu(+2) Zn(+2)
Fe(+2)

Fenétre 8
CONDITIONS INITIALES
. - Eléments de valence negative (M)
| ey 0,003
E(L) 0,000
— Eléments de valence Variable (M)
— Carbofte ——————————— Azote

CO3(2) 0,000 NO3 (1) 0,000
NEL(+D) 0,000

— Phosphore ————————— — Soufre

POL(3) 0,000 S04(-2) 0,000
HS (1) 0,000
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Fenétre 9

CHOIX DES UNITES

Veuillez choisir les unités de concentration des normes a respecter

Unités
" Concentration massique (mg/L)

& Concentration molaire (M)

Fenétre 10

I . Eléments de valence positive (M)

| Al(3) 3.7064492 Fe (+3)

Arrter
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Fenétre 11

NORMES A RESPECTER
—

I — Eléments de valence negative (M) ——— GammedepH ———————————————————
| CIED 3 00E-01 pH minimal 5
pHmaximal | g5

— Eléments de valence Variable (M)

[ Carbone [ Azote

Fenétre 12

CHOIX DES UNITES ET LE TYPE D'AGH
p—

Veuillez choisir les unités d ion des agents précipil

I Unités

" Concentration massique (mg/L)

* Concentration molaire (M)

Veuillez choisir Tagent précipitant 4 utiliser

— Agents prédipitants
™ Nazco3
I~ caloH)2 [~ NaHCo3
™ ma(oH)2 ™ NazPO4
I™ nHa(oH) I~ NazHPO4
™ Nazs ™ (NH4)2HPO4
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Fenétre 13

AGENTS PRECIPITANTS
— Concentrations ajoutées (M) ——— — Solution de départ (M) — Poids molaire (2/1)
NaOH 100003162 NaOH 0 NaOH 1000
Ca(OH)2 0 Ca(0H)2 10 Ca(0H)2 7508
Mg(OH)2 l”— Ma(CH)2 |+ Mg(CH)2
NH40H 0 NH4OH 2 NH4OH
Nazs 0 NaZs 2 NaZs
Na2CO3 0 Na2C03 3 Na2C03 05.90
NaHCO3 l— NaHCO3 l— NaHCO3
Na3PO4 l— Na3PO4 l— Na3PO4
NazHPO4 l— NaZHPO4 l— NaZHPO4
(NH4)2HPO4 l— (NH4)2HPO4 l— (NH4)2HPO4
Arrdter
A
Fenétre 14
BILAN IONIQUE

BILAN TONIQUE DE L'EFFLUENT INITIAL | BILAN IONIQUE DE LEFFLUENT NEUTRALISE

Total des charges positives (¢g.1)

3.0000316227766E-03

Total des charges négatives (6q.1)

-3.00006456253276E-03

Bilan net des charges (IB) (8q /1)

-3.29397561540414E-08

Force ionique de la solution (MU) (¢q.L)

6.00009618330936E-03
Rapport (IB/MU)

-3.48987135151118E-06

Critére (IB<10% de MU)

| Le critére est satisfait

| Vous dever aiuster les concentrations des anions et des cations

Corriger

Arréter

_eooe |
=
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Fenétre 15

PROGRAMME INFORMATISE DE TRAITEMENT D'EFFLUENTS METALLIQUES

Création de la feuille de calcul de la spéciation

Fenétre 16

PITEM(soil leachate5).xl

Le ternps d'Execution est : 0,2539 sec!
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