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Abstract

Primary smelting slags, known as Lead Blast FurfaB&) and Imperial Smelting Furnace
(ISF), were generated by the former pyrometallwigicdustries located in Noyelles-Godault,
Northern France. Following its closure in 2003, #liom tons of primary slags have been
landfilled as a heap in the vicinity of the Delledt®, near the industrial basin of Nord-Pas-
de-Calais. These slag materials are often enriamgzhrticular metals (Pb, Zn) that can be
released into the environment through alteratimcgsses and leaching.Many biological and
chemical processes might take place within thaegsa and thus affect significantly the slag
weathering. Predicting the environmental impadhese wastes requires an understanding of
the mineral-water interactions as well as the mflte of the biological activities (the
involvement of microorganisms). Thus, this reseaiidesigned to simulate the natural
weathering of slag by simulating different weathgriconditions with or without the
involvement of the microorganisms as well as bywey several chemical parameters.

Chemical weathering of both LBF and ISF slags wadied by as a function of pHs (4, 5.5,
7, 8.5 and 10) as well as under two atmospheremn(ap and nitrogen). Significant amounts
of Ca, Fe and Zn were released under acidic camgdit{pH 4) with a decrease towards the
neutral to alkaline conditions (pH 7 and 10) fothbslags. The concentrations of all elements
increased gradually after 216 h compared to in##alh of leaching period. The presence of
oxygen under open-air atmosphere not only enharmddative weathering but also
encouraged formation of secondary oxide and catbophases compared to nitrogen
atmosphere experiments. In addition, Zn dissolut\@s related to extremes zinc isotopic
signatures in the leachate; head®&n values at low pH than at high pH for both slagder
open-air atmosphere.

On the other hand, bioweathering of both slags staslied in the presence of a pure
heterotrophic bacterial straifPgeudomonas aerugingsan a bioreactor operated in batch
condition as well as in a semi-flow through reactath intermittent leachate renewal
conditions.P. aeruginosas shown to play a significant role in slags weaithg by enhancing
the leaching and solubility of Zn and Pb. In adxdfifithe cumulative bulk release of dissolved
Fe, Si, Ca and Mg doubled in the presence of ha¢cterobably due to the release of soluble
complexing organic molecules (e.g. siderophored¥oAbacterial biomass served as the
bioadsorbent for Pb, Fe and Zn as 70-80% of PbFand0-60% of Zn released are attached
to and immobilized by the bacterial biomass.

Oxides, hydroxides and carbonates were predictedeasndary phases during chemical
weathering of slags whereas carbonates and phesphlatre dominant phases during
bioweathering. These predictions were in agreemdtit the observations by Scanning
Electron Microscopy (SEM) with Energy Dispersive R&y Analysis (EDS), and
Transmission Electron Microscopy (TEM) analysis.

Keywords: Slag, chemical, biological weatheringacleing, pH dependent, atmospheres, Zn
isotopes, fractionation, secondary precipitates
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Résumé

Les scories de fonderie primaires, connus sousielread Blast FurnacéLBF) etImperial
Smelting Furnacg(ISF), ont été générés par les anciennes indsistiée pyrométallurgie
situées a Noyelles-Godault dans le Nord de la [erafypres sa fermeture en 2003, 4 millions
de tonnes de scories primaires ont été mis en dghentassés dans le voisinage de la Dedle,
prés du bassin industriel du Nord-Pas-de-Calais.SCeries sont souvent enrichis en métaux
(Pb, Zn), qui peuvent étre disséminés dans l'enmgment par le biais des processus
d'altération et de lessivage. De nombreux procelsmlggiques et chimiques peuvent avoir
lieu au sein de ces résidus et ainsi affecter dearasignificative I'érosion du laitier. Evaluer
I'impact environnemental de ces déchets nécessitemprendre les interactions eau/minéral
ainsi que l'influence de l'activité biologique fharticipation des micro-organismes). Ainsi,
ces travaux ont pour but de simuler le vieillissetmeaturel des scories en reproduisant
différentes conditions de vieillissement, avec anssla participation des micro-organismes,
en contrblant différents parametres physico-chimsqu

L'altération chimique des scories LBF et ISF aéktgliée en fonction du pH (4, 5.5, 7, 8.5 et
10) ainsi que sous atmospheres controlées (oueeseus azote). D'importantes quantités de
Ca, Fe et Zn sont libérées en conditions acidesA(pét des quantités plus faibles en milieux
neutres et alcalins (pH 7 et 10) pour les deuxdygee scorie. Les concentrations de tous les
éléments augmentent progressivement entre 24 &t @l dixiviation. La présence d'oxygene
en atmosphere ouverte génére non seulement 'aat&io de l'altération oxydative mais
encourage aussi la formation d'oxydes secondairee eohases carbonatées. En outre, la
dissolution de Zn est reliée a des signatures pgpies dans la solution de lixiviation
extrémement contrastées par rapport & celles deesadnitiales : des valeurs @&°Zn plus
lourdes a faible pH qu'a pH élevé, pour les dewxiss, sous atmosphére ouverte.

D'autre part, l'altération biologique des deux sype scories a été étudiée en présence d'une
souche bactérienne hétérotrophe puRse(ildomonas aerugingsadans un bioréacteur
fonctionnant en systeme fermé puis en semi-flurqueellements intermittents du lixiviat).

P. aeruginosas'est révélée jouer un réle important dans lalién des laitiers, par
laugmentation de leur lixiviation et en particulde la solubilité de Pb et Zn. En outre, la
guantité cumulée de Fe, Si, Ca et Mg dissous eabléle en présence de bactéries,
probablement sous l'effet des complexants solulitésés parP. aeruginosa(molécules
organiques de type sidérophores). La biomasserimuté sert de bioadsorbent pour Pb, Fe et
Zn : 70-80% de Pb et Fe et 40-60% de Zn libérésfsas par la biomasse bactérienne.

Les phases secondaires formées lors de l'altérelimmque des scories sont les oxydes, les
hydroxydes et les carbonates, tandis que les catb®ret les phosphates sont les phases
dominantes pendant l'altération biologique. Chaade® ces phases ont été prédites par les
calculs thermodynamiques et observées en micros@gctronique a balayage (MEB-EDS),
microscopie électronique a transmission (MET) peictroscopie de photoélectrons X (XPS).

Mots-clés: laitiers, scories, isotopes de Zn, phkasecondaires, altération chimique et
biologique, lessivage, pHPseudomonas aeruginasa
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Samenvatting

Hoogovenslak komend van lood hoogovens (Lead Wlastice LBF) en zink hoogovens

(Imperial smelting furnace (ISF), zijn ontstaan kianppyrometallurgische industrieén dichtbij

Noyelles-Godault in Noord Frankrijk. Als gevolg vda sluiting in 2003 van deze industrieén
is 4 miljoen ton primaire slakken gedumpt op eeotegthoop dichtbij de rivier de Deule

vlakbij het industriegebied van Nord-Pas-de CalBis.slak materiaal is vaak verrijkt. Vaak

gebeurd dit met specifieke metalen zoals Pb enD&ze kunnen dan weer in het milieu
terechtkomen door uitloging en veranderende preces¥eel biologische en chemische
processen vinden plaats rond dit afval en hebbersigmificant effect op de slak verwering.

Voor het voorspellen van de milieu impact van @iahis het belangrijk om de mineraalwater
interacties en de invloeden van biologische aelitah (the impact van micro-organismen) te
begrijpen. Dit onderzoek is ontworpen om de naijerverwering van slakken te simuleren
door verschillende verweringscondities te simuleme@t en zonder micro-organismen en
daarnaast ook nog het variéren van enkele chempsiaeneters.

Chemische verwering van zowel LBF als ISF slaklkebastudeerd op pH (4, 5.5, 7, 8.5 en
10), atmosfeer (open lucht en stikstof). Grote leetveden Ca, Fe en Zn zijn vrijgelaten
onder zure condities (pH 4). Bij alkalische coredit(pH7 en 10) verminderen deze waarden
voor beide slakken. De concentraties van alles ehdem nemen geleidelijk toe na 216 uur
vergeleken met de oorspronkelijke 24 uur uitlogpegiode. De aanwezigheid van zuurstof
onder de open lucht condities verbeterde niet mltieoxidatieve verwering, maar verbeterde
ook de vorming van secundaire oxides en carborfas®ms. Bovendien is de Zn ontbinding te
linken aan extreme Zn isotoop herkenning in hetaext Zwaarder&®°Zn waardes bij lage
pH dan bij hogere pH voor beide slakken in de dpeht condities.

Aan de andere kant is ook de bioverwering bestadegibeide slakken in het bijzijn van een
pure heterotrove bacteri®geudomonas aerugingsen een bioreactor. Dit gebeurde zowel
onder batch condities als wel semi-flow througtcteamet onderbroken extract vernieuwing
condities.P. Aeruginosablijkt een belangrijke rol te spelen in de slakwering door het
verbeteren van het extract en de oplosbaarheidZvaen Pb. Bovendien verdubbelde de
uitscheiding van opgeloste Fe, Si, Ca en Mg in pleopende massa door de aanwezigheid
van bacterie. Dit wordt waarschijnlijk veroorzaa#tbor het vrijkomen van oplosbare
complexe organische moleculen (zoals siderofoog.bacteriéle biomassa werkte als een
bio-absorbent voor Pb, Fe en Zn. Wel 70-80% varPbetn Fe en 40-60% van het Zn die zijn
vrijgekomen zitten vast aan en zijn geimmobilisedwdr bacteriéle biomassa.

Oxides, hydroxides en carbonaten waren voorspetd ne@der belangrijke rol te hebben
tijdens chemische verwering van slakken terwijlbceraten en fosfaten dominant waren
tijdens de bioverwering. Deze voorspellingen zijn overeenkomst met de gevonden
resultaten van de Scanning Electron Microscop (SEMSt Energy Dispersive X-Ray
analyses (EDS), Transmission Electron MicroscodyMJ analyses en X-ray Photoelectron
Spectorscopy (XPS) analyses.

Trefwoorden: Slakken, chemische, biologische veivger uitspoeling, pH-afhankelijk,
atmosferen, Zn isotopen, fractionering, secundserslagen
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Sommario

Le scorie di fusione primaria, chiamate anche LBEdt Furnace (LBF) e Imperial Smelting
Furnace (ISF), sono state prodotte dalle ex ingugiirometallurgiche presso Noyelles-
Godault, nella Francia del nord. Dopo la chiusuelledindustrie nel 2003, 4 milioni di
tonnellate di scorie primarie sono state intermaten cumulo nelle vicinanze di Delle River,
vicino al bacino industriale di Nord-Passo di CalaQueste scorie sono spesso ricche di
specifici metalli (Pb, Zn) che possono essere qaiddis nelllambiente atraverso processi di
alterazione e lisciviazione. Molti processi biolcige chimici possono avvenire in questi scarti
e quindi influenzare significativamente la degradag meteorica delle scorie. Per prevenire
I'impatto ambientale di questi rifiuti bisogna aaple interazioni tra il minerale e lI'acqua, ma
anche in che modo influiscono i processi biologiccoinvolgimento di microorganismi nel
processo). Per questo motivo, questa ricerca ea stmializzata allo studio della
meteorizzazione delle scorie, simulando diversedizooni atmosferiche, con o senza |l
coinvolgimento di microrganismi, e anche variandersi parametri chimici.

La disgregazione chimica di entrambe le scorie LBFSF e stata studiata in funzione di
diversi pH (4, 5.5, 7, 8.5, 10), ma anche in dueidie atmosfere (all'aria aperta e in azoto).
Per entrambe le scorie, quantita significative dj Ee e Zn sono state rilasciate in condizioni
di aciditd (pH 4), che invece si sono ridotte forémte in condizioni di neutralitd o in
condizioni alcaline (pH 7 and 10). La concentraeiadi tutti gli elementi € aumentata
gradualmente dopo 216 ore rispetto alle 24 oreializlel periodo di lisciviazione. La
presenza di ossigeno in aria aperta, non solotbadificato la disgregazione ossidativa ma ha
anche istigato la formazione di ossido secondarbareonati. Inoltre, la dissoluzione dello
zinco & collegata all'estrema composizione isotopiello zinco; valori db°°Zn pit pesanti
sono stati registrati a pH piu bassi per entraretsebrie mantenute all'aria aperta.

D'altra parte, la meteorizzazione biologica di @mtibe le scorie e stata studiata in presenza di
un ceppo batterico eterotrofico puf@sgudomonas aerugingsi un bioreattore operato in
batch, ma anche in un reattore a semi-flusso cemtoon rinnovo intermittente del percolato.
E stato dimostrato chP. aeruginosaha un ruolo importante nella meteorizzazione delle
scorie, dal momento che aumenta la lisciviaziote solubilita di Zn e Pb. Inoltre, il rilascio
cumulativo di Fe, Si, Ca e Mg disciolti e raddoppian presenza di batteri, probabilmente a
causa del rilascio di complesse molecole organtiabili (per esempio siderofore). La
biomassa batterica serve come bioadsorbente p&eRbZn, dato che il 70-80% di Pb e Fe, e
il 40-60% di Zn che é stato rilasciato, viene attdo e immobilizzato dalla biomassa
batterica.

Ossidi, idrossidi e carbonati sono stati previstne fasi secondarie durante la disgregazione
chimica delle scorie, mentre carbonati e fosfathedasi dominati durante la meteorizzazione
biologica. Queste previsioni sono in accordo con oeservazioni effettuate tramite
microscopia elettronica a scansione (SEM) con sysetbpia EDS (Energy Dispersive X-Ray
Analysis), microscopia elettronica a trasmissiom&N]), e spettroscopia fotoelettronica a
raggi X (XPS).

Parole chiave: Scorie, chimico, meteorizzazionelogioa, lisciviazione, pH dipendente,
atmosfera, isotopi dello Zn, frazionamento, prdeipsecondari
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CHAPTER 1

Introduction



Chapter 1

1.1.Background

Metallurgical slags are vitreous by-products detiym the smelting of metallic ores and
usually consist of metal silicates and oxides, ams cases, sulfides and native metals
(Hudson-Edwards et al., 2011). They are the unvwdantetallurgical wastes whose grade is
too low for further treatment and of low economialue in spite of being a significant
component of waste stream from pyrometallurgicdustry.

This research focuses on the primary smelting slagswvn as Lead Blast Furnace (LBF) and
Imperial Smelting Furnace (ISF), which are generaby the former pyrometallurgical
industries located in Noyelles-Godault, Northerrartée. Following its closure in 2003,
4 million tons of primary slags have been landdilles a heap in the vicinity of the Dedle
River, near the industrial basin of Nord-Pas-dea3a[(Seignez et al., 2006). These slag
materials are often enriched in toxic elementspanticular metals (Cu, Pb, Zn) and in
metalloids (As, Sb) that can be released into therenment through alteration processes and
leaching (Ettler et al., 2009). The detail compositvaries widely depending on the initial
ore content and different processing methods apRetak and Seal, 2010).

Metallurgical slags derived from the processing amdlelting of Pb/Zn are defined as

‘hazardous wastes’ according to the European We&stmlogue (Commission Decision

94/3/EC) and as a ‘commercial substance’ accortbnidpe European Inventory of Existing

Commercial Substances (EINECS) adopted by CouneguRition no. 793/93 (Ettler and

Johan, 2003b; Ettler et al.,, 2001). Thus, conslderattention has been given to the
characterization and stability of both old and Head slags in France, the Czech Repubilic,
Germany, South Africa, Belgium, the United KingdohMamibia, the United States, and

Canada (de Andrade Lima and Bernardez, 2011).

1.2.Problems of statement

Slags containing significant amount of Pb and Zwnehaeen exposed to the open atmosphere
and rainfalls, they are susceptible to the weatigewhich consequently resulted in the metal
mobilization. Lead had been detected in the soNayelles-Godault where the concentration
varied from 49-500 ppm depending on the differeaptd (0-82 cm) from the surface.
Epidemiological surveys showed that the concemwinatiof Pb, Zn and Cd were 1.5 to 79
times higher in the agricultural products, 15-6@ds higher in vegetables grown on the
polluted soil compared to the control soil (Douaygle, 2008; 2009).

Reusing of these slags as a replacement materisdhancement composition and road
construction has been planned and is being inastig(Morrison et al., 2003; Saikia et al.,
2012); however, the main concern and risk is thease of characteristic elements like Pb and
Zn. Many studies have been carried out regardiegntechanisms of leaching, alteration of
slags which corresponds either to batch systemooopen flow experiments by column
studies (Ettler et al., 2004; Ettler et al., 20@2tler et al., 2003a; Seignez et al., 2006).
Meanwhile, none of the previous published worksufoon the role of micro-organisms
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present in the natural environment or on the stiiggosal sites, and on the impact of the
metabolic activity on the slag alteration whereasa micro-organisms are able to alter the
chemistry of slags.

1.3.0bjectives

This study was mainly conducted using the isotdpahiniques in order to identify the slags
bio/weathering mechanisms in natural environmente do the microbial activity of a

heterotrophic microorganisnP¢eudomonas aerugingsalrhe main issue was to decipher
between the biological and chemical processesdldissn, precipitation, complexation and
adsorption) affecting the elements behavior andilizabion.

The main objectives can be outlined as the follgsin
1. To determine the solid phase characterization@tthgs as the baseline information;
2. To decipher the chemical dissolution and microlmtiienced dissolution of slags;

3. To study the fate of the characteristic elementsssfdution, precipitation,
complexation and adsorption);

4. To identify the changes in the morphology of slpgsand post-weathering;

5. To determine isotopic composition and fractionatanZn during the chemical and
microbial-mediated dissolution, and to further coelend the weathering
mechanisms of both slags.

1.4.Scope of the study

The overall research was planned into three maasgd) Phase I: Characterization of slags,
Phase Il: Chemical dissolution of slags, and Phas®io/weathering of slags as given in
Figure 1.1. The main objective of the Phase | wagrbvide background information on
physical, chemical and isotopic characteristicstiod slags, thereby achieving the first
objective of the research and yet, to serve agthia foundation of the whole research before
stepping into further phases.

Providing all the background information and reswbtained from Phase |, the research
activities under Phase II: chemical dissolution Bhase IllI: bio-weathering l®seudomonas
aeruginosavas initiated. These two phases were oriented wayp that the outcomes and
findings can be employed to decipher the chemigsdatution and microbial influenced
dissolution of slags, therefore achieving the sdaulnjective of overall research plan.

The main research highlight in Phase Il and PhHseds to investigate the dissolution of
elements of interest (Ca, Fe, Mg, Mn, Al, Si, ZnR%), the secondary phases or mineral
precipitation, the adsorption of these metals adbcondary precipitates, on the surface of
bacteria or slags, and the complexation of metath whe siderophores orextracellular
polymeric substance (EPS). In such a way, the tbbjctive of the research which is to
study the fate of the characteristic elements @iis®n, precipitation, complexation and
adsorption) can be achieved successfully.
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Furthermore, the isotopic measurement was incotpadranto both Phase Il and Phase Ili
where the isotopic composition and fractionationZof can be integrated to get a better
insight into weathering mechanisms of slags. Hetioe,fourth and fifth objectives of the

research which are to determine isotopic compasitiad fractionation of Pb and Zn in

chemical and microbial-mediated dissolution, andfudgher comprehend the weathering
mechanisms of both slags can be accomplished.

Ultimately, the research was designed in a way dentify the slags bio/weathering
mechanisms in natural environment, due to the rhiatoactivity of a heterotrophic

microorganism Rseudomonas aerugingsaYet, thanks to the evolution of isotopic
techniques and advancement, it waspossible to ldecchpetween the biological and chemical
processes (dissolution, precipitation, complexatama adsorption) affecting the elements
behavior.

In general, the research and experimental workeelo the first three phases of the research
was mainly conducted in France (between UniveR#gs-Est and Université Paris-Diderot)
while there was 6 months mobility to the Nether(ldNESCO-IHE).

[ Phase I: Characterization of slags ]

«*Chemical composition

«*Mineralogical characterization

«Leaching potential

Y

4[ Isotopic techniques ]—

A 4 \ 4
[ Phase II: Chemical dissolution of slags ] @ [ Phase II: Bio/weathering of slags ]
“pH (4,5.5,7, 8.5 and 10) “Pseudomonas aeruginosa
<*Normal vs nitrogen atmospheres “»Effects of organic ligands
< Slag-water interaction times “Weathering mechanisms
[ Dissolution, precipitation, adsorption, complexatio n& isotopic fractionation J

«*Metal dissolution (Ca, Fe, Si, Zn, Pb, Mg, Mn, Al)

«*Formation of secondary phases
«+Adsorption (onto secondary phases and bacteria)
«+Complexation with organic ligands

«Isotopic fractionation (Zn)

Figure 1.1. Research framework.
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1.5.Structure of the thesis

This dissertation is composed of seven chaptegsvas in Figure (1.2):

Chapter 1: Introduction. It gives an overview of tiesearch such as background information,
problem of statement, research objectives andttbetsre of this thesis.

Chapter 2: Literature review on slags. This revieweuses on the microscopic scale
characterization of slags, compiles many previotigdies of chemical and biological
weathering studies, addresses the associated wiaegthates and mechanisms, and relates the
heavy metal mobilization with environmental polarti

Chapter 3: Literature review on zinc isotopes. Thasiew outlines the current state of
knowledge on Zn isotopic fractionation during thghhitemperature roasting process in Zn
refineries;8%°Zn values variations in air emissions, slags arfiesft from the smelters in
comparison to geogenic Zn isotopic signature o$ dmemation and weathering.

Chapter 4: Materials and Research methodology. dtapter gives the detailed information
on slags: chemical and mineralogical informatitn& $olid phase characterization techniques:
XRD, XRF, SEM and TEM,; as well as the isotopic t@glies: Zn isotopes.

Chapter 5: Chemical stability of slags. This chapteestigates the leaching behavior of slags
as a function of pHs under two different atmospbefeormal atmosphere vs. nitrogen
atmosphere) at different slag-water interactioresr(iL day vs. 9 days).

Chapter 6: Fractionation of Zn isotopes during clcaimnweathering of slags. This chapter
outlines the active participation of Zn in low-teengture inorganic chemical reactions where
the variation in Zn isotopes signature is used @®kto trace Zn dissolution, formation of Zn
secondary phases and Zn adsorption on other sagommacipitates during chemical
weathering of slags.

Chapter 7: Bio/weathering of slags under leacht@gnsint conditions. This chapter identifies
the effect of heterotrophic bacteriufdseudomonas aerugingsan the long-term weathering

of slags and the bio/weathering mechanisms by sitimgl natural bio/weathering condition

without leachate renewal.

Chapter 8: Bio/weathering of slags under leachatewal conditions. This chapter further
clarifies the role of micro-organisms, and bio/Meging mechanisms during long-term
weathering of slags by simulating natural bio/weatiy condition in semi flow-through
reactors.

Chapter 9: Summary and conclusions: This chapteysgnot only summary and conclusions
of this study but also recommendations for furtltvelopment and future research
directions.
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Chapter 2

2.1.Introduction
2.1.1World production of lead and zinc

The mining and industrial production of lead andczusually follow the changes and trends
in their consumption, and global economic growtkermand for lead is heavily reliant on the
lead-acid battery industry and the automotive se@@uberman, 2012). The major use for
zinc is galvanizing, in which a zinc coating is b to steel to prevent corrosion. Other uses
of zinc include the production of brass and bror@ac-base alloys for die-casting, and
chemicals (Tolcin, 2012). In 2010, global mininglustries produced 4,140,000 metric tons
of lead and 12,000,000 metric tons of zinc, comesing to a 12% and 14% increase
compared to the figures of 2006 (Table 2.1). Lileyiprimary lead refinery increased the
production by 12% and zinc smelting increased I8 152010 compared to 2006.

Table 2.1. World production of lead and zinc (Guma&n, 2012; Tolcin, 2012).

Production (metric tons) 2006 2007 2008 2009 2010
Mine 3,630,000 3,720,000 3,880,000 3,900,000 40000,
Lead Primary refinery 3,690,000 3,660,000 3,980,000 3,860 4,200,000

Secondary refinery 4,200,000 4,420,000 4,600,000 8604000 5,090,000

Mine 10,300,000 11,000,000 11,700,000 11,400,000 ,0QrR0O00
Zinc

Smelter 10,800,000 11,400,000 11,700,000 11,300,00a2,700,000

2.1.2 Pyrometallurgical processes

Both lead and zinc are mainly found naturally asuliide ore containing small amounts of
copper, iron, and other trace elements. The opagdily after being concentrated at or near
the mine, is further processed at the primary egfinThe typical primary lead refinery is

done by means of the lead blast furnace techngloB¥) in a counter-current reactor where
a charge (mainly sinter, coke and fluxes) movesutjn a vertical shaft in counter-current to
the ascending gas flow. The descending charge ssigety passes through the preheating
zone (at 200°C), the reaction or reduction zon®@arC), the melting zone (at 1150°C), and
finally the combustion zone (at 2200°C) (Vergu802).

Production of zinc includes the use of high-tempeearoasters or smelters using imperial
smelting technology (ISF), including multiple-hdartsuspension bed, or fluidized bed
roasters. Zinc ore concentrate is introduced intoudtiple-hearth roaster (at about 690°C)
where the hot gases are passed through the héaathare oxidized to produce calcine. The
concentrates are blown into a suspension roastéuidized-bed roaster (at about 980°C)
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where the desulfurization and oxidation reactioosuo (USEPA, 1986; USEPA, 1995). Thus,
the production of lead and zinc are done at vegih kemperatures and the schematic diagram
for primary production of lead and zinc are giverFigure 2.1.

,/"Dust,fume ) {"’Dust,fume _______________________________
- &S0, | - &S0, | ‘\\I?ust&fume“_ ¢ - Fume T
. { i "'4 ________
Sinter Blast Drossing _’| - . |_.“ ) | :
2| Machine M Furnace % Ketlles Drossing Bullion Refinery H Refined Lead
: « NH,CI
Limestone PbO « Soda ash |
= Silica = Coke
. = Sulfur
= Sinter recycle
« Flue dust = Flue dust
= Coke
________ S = Limestone
. Slag | = Silica
........ peeeer = Soda ash
v = Sulfur
Slag fumi *PbO
ag fuming « Coke
furnace
'\::‘I-Dust &fume : \:_
zo | T T A
I/"‘Dust, fume ™ e e
. &S0, L S_I -------- . Fume&slag Fume )
_____________ ! ( ag :. =T R
DL - X X
,:‘/Dusl,fume\\ —>| Smeltering |—>|| Smelter »—DI Retorting |—>|| Molten Zn |H Casting
\. &S0, ./ A A
"‘--IK——' H i
H = Sand = Coal or coke
H = Coke = Recycled blue powder 2
Concentrate |—>|| Roasting |}—>| Calcine l— " ZnSO,4 = Silica n
. 7y
...... v : .
¢/~ NaClor \ M
NLC . S R
—>| Leaching |—>| Purifying l—i“ Electrolysis ||->| Melting & Casting }—
*H,S0, = Zn dust '
o i = H,S0,
Limestone Additives  Colloidal additives
. * NaCO;/ BaOH
= Thickener
= Cyanide
= Spent electrolyte B

Figure 2.1. Primary production process of leadd&) zinc (B) redrawn from (USEPA, 1986;
USEPA, 1995).

2.1.3Environmental profile of pyrometallurgical industri es

Primary lead refineries generate air emissionsgcgs® waste and wastewater, and different
types of solid wastes (Table 2.2). Nearly 85% ef shlfur present in the lead ore concentrate
is eliminated in the smelting process, where ttigasf (>5% of S@) is sent to a sulfuric acid
plant, while the weak stream (<0.5% of $@ vented to the atmosphere after removal of
particulates. Particulate emissions from blast daas contain many different kinds of
materials, including a range of lead oxides, qudmzestone, iron pyrites, iron-limestone-
silicate slag, arsenic, and other metallic compsuadsociated with lead ores. The blast
furnace slag is composed primarily of iron andcsiti oxides, as well as metals, semi-metals
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or metalloids such as aluminum, calcium, antimargenic, beryllium, cadmium, chromium,

cobalt, copper, lead, manganese, mercury, molybdesiver, and zinc. This blast furnace
slag is either recycled back into the process gpaled of in piles on site. About 50-60 % of
the furnace output is slag and residual lead thatbmth returned to the blast furnace.
Moreover, it also produces wastewaters and slyrimetuding acid plant blow-down, slag

granulation water, and plant wash-down water.

Similar to lead smelters, primary zinc smeltersegate air emissions, process wastes, and
different solid wastes (Table 2.3). ApproximateB+®7% of S from the ore is emitted as,;SO
Thus, all S@Qfrom the roasting process at zinc smelters is rex@l at on-site sulfuric acid
plants. Much of the particulate matter emitted frpnmary zinc facilities is also attributable
to smelters where the composition of particulatesieg with operating parameters; the
particulates are likely to contain zinc and leachstéwaters are generated during the leaching,
purification, and electro-winning stages of primamc processing when electrolyte and acid
solutions become too contaminated to be reusea.a8alid wastes, mainly molten slags, are
generated at various stages in primary zinc praogss

Table 2.2: Process material inputs and pollutiotpwis from primary and secondary lead
production (USEPA, 1995).

Process

Process Material Input Air Emissions Other Wastes
Wastes
Lead ore, iron, silica, Sulfur dioxide,
Lead limestone flux, coke, soda, particulate matter
SO . ! ) S . n/a n/a
Sintering  ash, pyrite, zinc, caustic, andcontaining cadmium
bag house dust and lead
Sulfur dioxide, Wastewater, Slag containing impurities
Lead . particulate matter  slag such as zinc, iron, silica,
. Lead sinter, coke - : . .
Smelting containing cadmium granulation and lime, surface
and lead water impoundment solids
Lead Lead bullion, soda ash, Slag containing such

n/a n/a impurities as copper,

Drossing  sulfur, bag house dust, coke surface impoundment solids

Lead

Refining Lead drossing bullion n/a n/a
i Polypropylene case
Iézz;(lramd Lead-acid batteries n/a n/a fragments, dilute sulfuric
y acid
Secondary Battery scrap, rerun slag, S;:Iilj:ru?:t)e)zq%ea,tter
Lead drosses, oxides, iron, P n/a Slag, emission control dust

containing cadmium

Smelting  limestone, and coke and lead
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Table 2.3: Process material inputs and pollutiotpots from primary zinc production
(USEPA, 1995).

Process Material Input Air Emissions Process Wastes Other Wastes
Sulfur dioxide,
Zinc . particulate matter Acid plant
- Zinc ore, coke - . n/a
Calcining containing zinc and blowdown slurry
lead
. Zinc calcine, sulfuric Wastewaters
Zinc S - .
. acid, limestone, spent  n/a containing sulfuric  n/a
Leaching .
electrolyte acid
Zinc Zinc-acid solution, zinc Wastgvyaters . Copp_er cake,
C n/a containing sulfuric  cadmium
Purification  dust P
acid, iron
Zinc in a sulfuric
acid/aqueous solution,
Zinc lead-silver alloy anodes, Electrolvtic cell
Electro- aluminum cathodes, n/a Dilute sulfuric acid . y
S . slimes/sludges
winning barium carbonate, or
strontium, colloidal
additives
. Zinc scrap, electric arc Slags containing
Zinc . copper, aluminum,
. furnace dust, drosses,  Particulates n/a .
Smelting ' . iron, lead, and other
diecastings, fluxes : )
impurities
Secondary  Medium-grade zinc Slags containing
Zinc drosses, oxidic dust, Zinc oxide fumes n/a copper, aluminum,
Reduction acids, alkalines, or iron, lead, and other
Distillation =~ ammoniacal solutions impurities

2.1.4Environmental pollution due to slags from metallurgcal industries

Lead and zinc metallurgical activities are largentdbutors of anthropogenic Zn and Pb
pollution in many environmental compartments: atph&sic heavy metal emissions and
deposition (van Alphen, 1999), surface and grouradew (Parsons et al., 2001), kitchen
garden soil (Douay et al., 2008), woody habitat @douay et al., 2009), agricultural topsoil
(Pelfrene et al., 2011), river bank soil (Sivryaét 2010), river sediment (Audry et al., 2004;
Vdovic et al., 2006), stream sediment (Yang etZ810), seepage at slag dumps (Navarro et
al., 2008) with high potential to groundwater conitzation, and evidence of high bio-
accessibility of Pb and Zn in the human body (Bcasd Enzweiler, 2008; Ettler et al., 2012).

2.2.Metallurgical slags

Slags are predominantly vitreous by-products ddrifrem smelting of metallic ores and
usually consist of metal silicates and oxides,ame cases also sulfides and native metals
(Hudson-Edwards et al., 2011). They are the unvdantetallurgical wastes whose grade is
too low for further treatment and of low economialue in spite of being a significant
component of the waste stream from the mining itvgughey are either dumped in the
vicinity of the mining site and accumulated for dpoperiods of time or reused as fill, ballast,
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abrasive and aggregate in concrete and cement gitoduand in road construction (Ettler
and Johan, 2003b; Lottermoser, 2002). Whereas gjagerated from ferrous industry are
widely used for construction purposes (Saikia et2012), the use of slags generated from
non-ferrous metal (Pb, Zn, Cu, Ni, Cr) industries 8o far been limited (Barna et al., 2004).

Zn and Pb slags are produced during pyrometallargreatment of sulfide ores and have
been used as aggregates in road construction atwharete (Morrison et al., 2003; Saikia et
al., 2012). Metallurgical slags derived from thegassing and smelting of Pb/Zn is defined
as ‘hazardous waste’ according to the European &V@stalogue (Commission Decision
94/3/EC), but also as a ‘commercial substance’ ra@iecg to the European Inventory of
Existing Commercial Substances (EINECS) adopte@duyncil Regulation no. 793/93 (Ettler
et al., 2001; Ettler et al., 2003a).

2.2.1 Methods for Mineral Characterization

Several techniques have been applied for the deaization of mineral phases: particle size,
surface morphology, degree of crystallinity, detdichemical composition of each mineral
phase, trace metal concentration, etc. Some conteabmiques applied in recent studies are
given in Table 2.4. The availability of powerful rdy beams generated at synchrotron
facilities has produced a new family of techniqtrest are very useful for characterizing mine
waste minerals (Jamieson, 2011). Synchrotron-bXsealy absorption spectroscopy (XAS)
can be used to identify the minerals hosting paéynttoxic elements such as Pb or Zn.
Depending on the part of the absorption spectrued;uke techniques are further extended as
X-ray absorption near edge spectroscopy (XANES)ertended X-ray absorption fine
structure (EXAFS). If a micro-focused synchrotraain is used, near-simultaneous analysis
using micro-XAS, micro-XRF (which uses the X-rayudtescence signal to provide
information on elemental composition) and micro-XR{X-ray diffraction) can be
accomplished (Jamieson, 2011).

Table 2.4: Analytical techniques applied in therelterization and mineralogical studies of
slags.

Analytical techniques Application References
Energy-dispersive X-ray fluorescence Elemental concentration of powdered mineral(Scheinert et
spectroscopy (XRF) or slag samples al., 2009)

. . Mineral identification based on crystal (Piatak and
X-ray diffraction (XRD) structure Seal, 2010)

Grain-scale mineral identification based on

Micro-X-ray diffraction using conventional crvstal structure. application to poor] (Jamieson,

or synchrotron sources (micro-XRD) ysta  app poorly 2011)
crystalline materials

Scanning Electron Microscopy (SEM) with Imaglrrllgl, eleme(;wt ma}_ppl_ng, surfacr? ical (Bosso_land

Energy Dispersive analysis (EDS) morphology and qualitative spot chemica Enzweiler,
analysis 2008)
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Transmission Electron Microscopy (TEM)  Mineral identification of the individual

with energy dispersive analysis (EDS) and particles, including imaging, qualitative g\l/ltl;c())vlz)et
selected area electron diffraction (SAED) chemical analysis "
Electron microscope (MPA) Quantitative spot chemical analysis of a tiny (?r?]ﬁg%ade
with a X-ray dispersion energy spectrometrymineral spot, and the texture of the particles Cgernardez
system (EDS) the slag 2013) '
Synchrotron-based micro-X-ray radiation I o :
fluorescence (uSXRF), Polarized X-ray Oxidation state, speciation of a particular

s element present in a mineral phase at (Manceau et
absorption fine structure (P-EXAFS) and :

molecular level analysis al., 2000)

(LEXAFS), X-ray absorption near edge
structure (XANES)

Analysis of mineral surface chemistry,
quantitative analysis of chemical composition
and imaging

X-ray photoelectron spectroscopy (XPS)
analyses

(Biesinger et
al., 2007)

2.2.2 General composition of slags

Slags are very heterogeneous materials where thgpation depends on the smelting
history, the chemical composition of the ore, tlieads (limestone, iron stone, ferrous silicate,
silica) and fuel (coke, coal, firewood, charcoafed (Lottermoser, 2002). The chemical
composition of Lead Blast Furnace (LBF) and Imde8melting Furnace (ISF) slags from
different countries is given in Table 2.5.

The slags originating from different countries highly enriched in Ca, Fe and Si, where the
difference in detailed composition reflects the ia@on in furnace charges, smelting
conditions and technologies used over time. Thelement of Al, but impoverishment in Ca
of the Czech slags indicate the age of the slagbl€T2.6) generated around 1907 to 1943 in
the Czech Republic (Ettler et al., 2000) and thgimrof the primary ores; mainly carbonate
and oxides rich ores rather than sulfides (Ettteal.e 2009). The lesser or higher presence of
Zn and Pb, and the relict ores in the slags indidae efficiencies of the processing
technologies used at the time. The S concentratiamging from 0.7 to 3.85 wt% indicate
that metals dissolved in slag melt are presenpnbt in the silicate matrix and pure metallic
phases, but can also be associated with S in the dbsulfides (PbS, ZnS, CuS). Moreover,
the presence of TKY MnO, CaO, MgO, N#, K,O and BOs can be observed in both LBF
and ISF. The heterogeneous LBF and ISF can beefucthmpared to the historical slags and
secondary processing plant slags (Table 2.6).

Historical slags originating from France and Swedgenerated around the 3-4nd 1€
century, respectively) show the highest contenBioAnd Ca, with relative deficiency in Fe
content and the absence of Pb and Zn (Table 2&)s $roduced during the Middle Ages in
the Czech Republic are deficient in Ca comparedther slags, which is due to the lack of
usage of CaC@® additives. On the other hand, the slags from s#mgncar batteries
processing units and those from Australia (gendragely 28" century or modern slags) have
a similar chemical composition of Si, Ca, and Fehwelatively little amounts of Pb and Zn
present. Thus, all historical slags produced befbee1d' century have a similar chemical
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composition regardless of their native countrigse Bame goes for modern slags generated
after the 19 century regardless of their native countries, @i @s primary or secondary
production sources.

2.2.3Primary mineralogical phases

Metallurgical slags vary widely in terms of chemicamposition, mineralogy and structures,
as a result of the initial ore content, additivesdy different processing methods, and the age
of the slags (Mahé-Le Carlier et al., 2000). Th@eralogy of slags originated from Pb and
Zn smelters has been summarized in Tables 2.7 1tb. Primary mineral phases and the
chemical composition of each phase in LBF slaggimating from different countries are
given in Tables 2.7 and 2.8. Likewise, primary mahephases and their related chemical
composition of ISF slags are given in Tables 2.902 and 2.10b. Finally, the chemical
composition of each mineral phase present in hestbismelting slags versus slags from
secondary processing of car batteries are giv@mlne 2.11.

LBF originated from France is mainly composed of+sdicate minerals such as the spinel
groups (spinel, magnesiochromite, franklinite, wéstand magnetite) and other oxides
(mixture of Zn and Fe oxides) as they contain anlg silicate mineral: melilite. In contrast,
LBF slags from Brazil and Czech Republic show thespnce of more silicate minerals: the
olivine group (fayalite, kirschsteinite, oliving)yroxene group (hedenbergite), and melilite
group (unidentified phase and willemite). Non-gities have not been observed in the slags
from the Czech Republic but they contain only saiisal amounts of relict ores (galena,
sphalerite, wirzite, pyrrhotite) (Table 2.7). Thecroprobe analysis of detailed chemical
compositions of these phases is given in Table 2.8.

ISF slag generated from France includes only dieat@ mineral (hardystonite), non-silicates
group of spinel (wustite), other oxides (mixtureFad, Zn and Al), and traces of relict ores
(wurzite and sphalerite). ISF from USA contains tbikevine group (fayalite, olivine),
pyroxene group (clinoferrosilite, hedenbergite),ld$pars (K-feldspar, hyalophane,
labradorite), melilite group (hardystonite) and raino silicate group (willemite, mullite,
quartz, sillimanite). ISF slag from Poland contaol&vine group (kirschsteinite, olivine),
pyroxene group (wollastonite), feldspars (K-feldspayalophane, leucite), melilite group
(melilite) and alumino silicate group (willemitdylore diversity of silicates and oxides has
been observed in slags from the USA and Polandl€TaB). Tables 2.10a &2.10b give the
microprobe analysis of detailed chemical compas#iof these phases.

For both LBF and ISF slags, Zn and Pb are redigib among several crystalline phases
(silicates, oxides, sulfide or metallic phases) agldual glass. Zinc, being dissolved in the
silicate melt, is partially incorporated into thérustures of oxides (spinels), silicates
(clinopyroxene, melilite, olivine), sulfides (spkate or wurtzite) and glass. In contrast, Pb
behaves as an “incompatible element” and is coraat in residual glass and in Pb-rich
sulfide or metallic inclusions trapped in the gléStler et al., 2000; Ettler et al., 2001).
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The composition of the mineral phases bears atdied¢ationship with the bulk composition
of the melt and with the cooling regime, which e¢ohthe crystallization sequence in the slag.
For example, the assemblage I, Il and Il are fittv coarse-grain and outer cast of slag
dumped where the presence of the pyroxene grouigaired the relatively slow cooling
regime of the slag. Assemblage IV is located indéetral part of the slag dump where the
absence of pyroxene indicates the rapid coolingnghing effect of the slag (Ettler et al.,
2001).

Assemblage I: olivine~ clinopyroxene— glass

Assemblage II: spineb olivine — clinopyroxene— glass
Assemblage llI: spinel> melilite — clinopyroxene— olivine — glass
Assemblage IV: spineb melilite — olivine — glass

Spinel groups are the first mineral phases formmeth fthe high-temperature silicates melts,
where silicates nucleating simultaneously with thxédes usually enclose small crystals of
spinel. They can be found either in trace or inralaunt amount and generally as cubic or
octahedral crystals several micrometers acrossltdge sample. The melilite group is found
abundantly in the slag, either as irregular prisitih\star shape, as dendrites or as phenocrysts
from ten to hundreds of micrometers in size. Liksayiolivine is the most abundant
crystalline phase in the slags which crystallizédez early or as the last silicate filling spaces
between the earlier-crystallized silicates. Theg present in different shapes such as in a
herring-bone pattern, in a thin-narrow-long strigths pattern of several hundred of
micrometers in length or as very fine dendritesmfreeveral micrometers to tens of
micrometers in size. Feldspars are enriched innAll silicate, however, the crystallization of
Ca-Pb feldspars indicates that the slag melt wasr po alkalis. In addition, feldspar
formation completely removed silica from the meaitlgrevented the formation of residual
glass.

The chemical composition of each mineral phaseeptes historical smelting slags versus
slags from secondary processing of car batteregiaen in Table 2.11. Historical slags are
abundant in silicate minerals: olivine group (fatgalkirschsteinite, olivine), pyroxene group
(wollastonite, hedenbergite), melilite group (mtdl and spinel group (magnetite).
Meanwhile, less silicate minerals phases are fdumeh secondary processing slags where
Na-bearing phases are due to the use of sodium aamds in the Harris refining
technological process from 1941 to 1997. The prsenthese mineral phases, either in low
or high abundance, is significantly contributingtbe behavior of heavy metals during the
weathering process. Mineralogy and mineral chegnigte important in understanding the
partitioning of metals within primary solid phaseden slags are being susceptible to
weathering (Piatak and Seal, 2010).
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Table 2.5: Major and minor chemical compositiore&d Blast Furnace (LBF) and Imperial Smelting leen(ISF) slags from different countries.

Type of slags LBF ISF

Origin of slags France Brazil Czech republic Belgim France USA Poland UK

Unit % (wt)

Sio, 23.17-26.59 21.39 34.92 25.7 21.9-25.82 32.1-57.1  12.43-41.27 11.3-19.83
CaO 20.00-22.47 23.11 20.5 18.9 18.10-18.77 1.58-15 4.97-23.53 3.3-15.66
FeO & FgO; 31.01-33.7 28.1 24.98 34 30.89-33.7 7.3-21.7 2868 30.66-52.9
Al,03 1.89-2.48 3.56 5.07 5.4 9.89-10.4 12.7-21.9 3382 5.5-8.25
MgO 2.61-2.8 5.44 2.36 14 1.78-1.84 0.61-1.28 1DB8 -

MnO 0.80-0.81 1.44 2.28 0.66 1.02-1.06 0.04-0.35 344.21 -

N&0 0.58-0.64 0.27 0.23 0.87 0.55-0.58 0.9-3.93 g-0.2 -

KO 0.27-0.38 0.26 0.97 0.31 0.68-0.7 1.23-3.91 0.55 -

TiO, 0.19-0.2 0.25 0.59 - 0.48-0.49 0.64-1.14 0.13-0.89 -

P,Os 0.22-0.29 - 0.34 - 0.5-0.56 0.1-0.46 0.09-0.35 -

Zn 8.06-11.2 7.61 36300* 4.02 6.54-7.51 11.4-8960* 0.3-38.0 5.57-11.43
Pb 3.38-3.55 3.77 11223* 2.29 0.69-1.56 1.9-711* 1565.20 0.57-6.87
S 0.19-0.7 0.37 111 - 1.05-1.58 0.08-2.68 0.4B82.2 1.77-4.11
Unit ppm mg/kg mg/kg mg/kg ppm mg/kg - -

Ag 12.1-13 - - - 44-45 1.0-10 - -

As 717-780 541 264 4200 930-1210 1.0-32 - -

Ba 5919-6500 169 1106 - 2410-2440 215-1170 - -

Cr 908-965 71 36.8 1001 1460-1510 71-103 - -

Ni 71-83 82.2 20.4 416 198-267 24.3-107 - -

Mo 266-280 28.4 - 279 81-83 2.4-37.3 - -

Cd 3.2-4 - 9.22 5.81 <0.5 0.8-48.1 - -

Cu 1150-1250 538 969 - 2600-2900 16-6360 - -
References A B, C D E F A C G H I

*Zn and Pb in ppm unit. Please note that ppm redfemater weight whereas mg/kg refers to solid Wweig

A:(Deneele, 2002), B: (Seignez et al., 2007), Gar(ia et al., 2004), D: (de Andrade Lima and Berear@012), E: (Ettler et al., 2004), F: (Saikiaakt 2012; Saikia et al.,

2008), G: (Piatak and Seal, 2010), H: (Puziewical 2007), I: (Morrison et al., 2003)
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Table 2.6: Major chemical composition of historisaielting slags and slags from secondary process.

Slags from Secondary

Historical Smelting Slags processing car batteries

Origin of slags France Australia Sweden Eezpeucbrllic
e 16" Viddle Old tech Modern tech
century 1901 t0 1943 century Ages

Unit % (wt)

SiO, 56.83 34.8 61.28 39.19 29.32 30.06

CaO 15.69 15.53 24.06 3.23 19.79 21.8

FeO & FgO; 11.97 32.88 1.46 23.41 32.25 28.62

Al,O4 7.17 5.41 3.42 4.46 5.46 11.52

MgO 2.71 0.91 5.72 3.46 231 2.88

MnO 1.89 0.39 3.27 3.92 1.31 0.88

Na,O 0.06 0.26 0.33 0.21 0.82 0.32

K0 3.34 0.6 0.51 1.42 0.21 0.11

TiO, 0.43 - 0.02 0.41 0.3 0.48

P,Os 0.25 0.27 0 0.61 0.23 0.3

Zn - 23643* - 5.41 2.17 0.21

Pb - 7605* - 11.81 251 0.68

S - 1.15 - 1.19 0.94 0.36

Reference gg?l?eer-lef (I_z(z)tgezr)moser éhga?:r-lé? (Z%t(t)lg)r, (Ettler, 2000) (Ettler, 2000)
al., 2000) ' al., 2000)

*Zn and Pb in ppm unit.
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Table 2.7: Mineralogy of primary phases found inlAL.&iginated from different countries.

LBF
Minerals Primary phases Composition France Brazil CZECh.
republic
Fayalite (F&",SiO,) *
Kirschsteinite (CaFeSiOy) * *
Olivine-group
Olivine [(Ca,Fe)SiOy] *
Silicate
Willemite (Zn,SiOy) * *
Pyroxene-group Hedenbergite (CAS4,0;) *
Melilite-group Ca (Fe,Mg,Zn,Al)(Al,Si»0O, * *
Spinel (MgALQO,) *
Magnesiochromite (MgG0,), *
Spinel-group Franklinite ) )
[(Zn,Mn* Fe)(F€** Mn®"),0,]
Magnetite (F&,F€0,) *
Zn substituted Wustite (kp&s-x) ZnO) *
Wiistite (FeO) * *
Non- Other oxides Iron(Il) Chromate (FeCrg) *
silicate Magnetite (FgO,) *
Zincite (ZnO) *
Pure metals Lead (Phb) * * *
Galena (PbS) *
Wurzite (ZnS) *
Sulfides-group
Sphalerite ((Zn,Fe)S) *
Pyrrhotite (F@.,S) *
(Deneel (de
e, 2002; Andra
Seignez de (Ettler and
et al Lima Johan,
Reference 2007: and é(t)tcl)e?,rbe;t
Seignez Bernar
et agll. dez al., 2001)

2008)  2012)
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Table 2.8: Chemical composition of each mineralsgharesent in LBF.

CHAPTER 2

Non-Silicate Silicate
Olivine- Pyroxene- Melilite- Spinel-group
Phases (% wt) Gl (n=7) Matrix Gl Surface Gl group group group
ol CliPy Me Sp MgCr  Fr Mg
SiO, 26.4 37.95-39.69 33.11-37.38 29.66-32.89 39.8743.3 38.62-39.98 0.35-5.52 0.28 0.10 0.05
TiO, 0.2 0.23-0.52 0.06-0.41 0.00-0.06 0.25-1.03 0.0®-0. 0.64-3.89 0.61 0.09 0.34
Al,O, 25 7.96-13.40 4.26-5.83 0.01-0.74  4.73-11.2 3085 L01% 1583 062 760
Cr,03 0.0 0.00-0.05 0.00-0.05 0.01-0.03 0.00 0.00-0.04 00®.96 44.56 1.66 13.59
FeO 26.5 15.50-21.89 11.40-36.00 27.67-55.57 18.91#46.1 7.51-9.00 éggg 5.55 7.69 17.29
16.63-
Fe,0Os - - - - - - 48.44 8.95 67.62 45.45
CaO 22.9 9.72-20.12 11.30-33.08 2.77-27.48 20.59-22.62 34.11-37.28 - 0.57 0.68 0.13
MgO 1.9 0.01-0.21 1.08-2.97 0.85-5.33 0.19-2.41 1.8%4. 0.35-2.84 12.46 4.83 1.99
MnO 0.8 0.53-1.43 0.05-5.43 2.13-5.91 0.62-1.8 0.041.0 0.27-0.67 0.79 0.91 0.74
Zn0O 11.2 2.59-8.00 3.41-9.8 1.98-6.28 1.23-3.12 4.1510 8.92-19.91 9.90 15.79 12.72
PbO 4.3 0.26-3.72 0.09-0.96 0.02-0.18 0.08-0.20 0.@%-0. - - - -
Na,O 0.9 0.19-2.27 0.19-2.05 0.08-0.27 0.03-0.28 0.35-2. - - - -
K,0 0.4 0.00-0.05 0.00-0.05 0.03-0.14 0.01-0.26 0.@3-0. - - - -
(Deneele, 2002; (Ettler et
Reference Seignez etal., (Ettler et al., 2001) | (Deneele, 2002)
2007) al., 2001)

Me-Melilite, OI-Olivine, Gl-Glass, CliPy-Clinopyroxene, Fr-Franklinite, MgCr-Magnesiochromite, Mg-Magnetite
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Table 2.9: Mineralogy of primary phases found iR [8iginated from different countries.

ISF
Minerals Primary Composition France USA Poland
phases
Fayalite (F&",SiO,) *
Olivine- Kirschsteinite (CaFeSiOy) *
group Olivine [(Ca,Fe)SiOy] * *
Willemite (Zn,SiOy) * *
Wollastonite (CgSi;Og) *
Pyroxene- . o . .
group Clinoferrosilite (FgSi,Og)
Hedenbergite (CaP&i,0g) *
Silicate K-feldspar (KAISEOg) * *
Hyalophane . .
(K,Ba)[AI(Si,Al)Si,Og]
Feldspars  Anorthite (CaAbSi,Og) *
Labradorite N
(Ca,Na)[Al(Al,Si)SbOg]
Leucite (KAISLOg) *
Melilite- . . .
group Hardystonite (Cazng0D-)
Alumino Mullite (Al§Si,O13) *
silicates  gjjlimanite (ALSIO;) *
Spinel- Spinel (MgALQO,) * *
group Wiistite (FeO) *
Zincite (ZnO) * *
Other Quartz or Tridymite (Sig) *
Non- oxides Magnetite (FgOs) *
Silicate Goethite [FeO(OH)] *
Pure metals Fe, Ni, Pb * * *
Wirtzite (ZnS) * *
Sulfides- Sphalerite (FeS) * *
group
Pyrrhotite (F@.S) *
Reference (Deneele, (Piatak and Seal, (Puziewicz et al.,
2002) 2010) 2007)
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Table 2.10a: Chemical composition of each minehalse present in ISF.

CHAPTER 2

Silicate
Non-Silicate
Minerals Olivine-group Pyroxene-group Feldspars

Gl Kir Ol P{nig;/o He Clif Leu (n=9) K-fel Hya Ano La
Unit % (wt)
SiO, 25.7 34.81 30.96-37.1  30.25 41.13 40.79 50.81 64.9%9.46 44.01 53.78
TiO, 0.6 0.00 0.02-0.08 0.30 3.24 2 0.04 - 0.12 025 60.0
Al,O3 10.0 0.00 0-0.04 4.99 10.97 9.11 25.56 18.8 21.425.128  29.07
FeO & Fe,03 25.0 23.01 25.8-64.46  23.99 15.26 40.4 0.54 0.05 860. 0.2 0.8
MgO 1.8 1.28 3.09-31.2 1.54 5.41 4.27 0.00 - - 0.06 50.0
MnO 0.8 12.97 0.63-2.67 6.91 0.19 0.25 0.00 - - - -
CaO 214 26.55 0.33-4.35 23.98 22.45 1.59 6.38 0.05 91.7 1852 12.09
PbO 0.2 0.28 0.02-0.07 0.25 - - 2.83 - - - -
ZnO 8.3 1.29 0.01-2.82. 4.78 0.09 - 0.10 - - - 0.16
Cr,03 0.1 - - 0.06 0.05 - - - - -
BaO 0.3 - - - 4.04 0.28 5.92 0.17 -
Na,O 0.7 - - 0.08 0.23 0.54 0.88 1 0.5 3.51
K,0 0.9 - - - 0.8 8.53 13.94 9.23 0.22 0.35
Reference A B B&C B C C B C C C C

Ano-Anorthite, Clif-Clinoferrosilite, Kir-Kirschste inite, He-Hedenbergite, Leu-Leucite, Wo-Wollastoni¢, Me-Melilite, Mg-Magnetite, OI-Olivine, GI-Glass, Py-
Pyroxene, K fel-Kfeldspar, Hya-Hyalophane, La-Labralorite

A: (Deneele, 2002), B: (Puziewicz et al., 2007)(Riatak and Seal, 2010)
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Table 2.10b: Chemical composition of each minehalge present in ISF (Continued).

CHAPTER 2

Silicate
Minerals Melilite-group Al-Si-0O (other silicates) Spinel andoxides

Me (n=3) Ha Wil Mul Al ,SiOs Pb-Si (n=4) Sp (n=9) ZnCp0, ZnAl,04
Unit % (wt)
SiO, 34.14 39.63 29.86 22.38 35.06 27.78 0.29 0.03 0.08
TiO, 0.05 - 0.00 0.84 0.56 451 2.40 0.08 0.25
Al,O3 0.80 1.75 0.03 72.89 59.38 10.60 27.14 1.96 50.72
FeO & Fe,03 2.03 0.98 0.18-1.16 2.55 24 8.4375* 47.63 14.65 .520
MgO 3.90 0.34 0.05-0.23 0.04 4.29 4.55 0.97 3.19
MnO 0.17 - 10.77 - 0.17 - 2.39 2.27 0.19
CaO 27.20 33.26 0.00 - 0.25 - - - -
PbO 17.86 - 0.04 - 28.92 0.04 0.24 0.13
ZnO 13.16 22.61 58.32-69.66 - 1.42 15.02 18.14 31.08
Cr,03 - - - - - 61.13 4.03
BaO - 0.38 - - 8.96 - - -
Na,O - - - 0.33 0.20 - - -
K,O - 0.04 - - 0.68 1.82 - - -
Reference B C B&C C C B B A A

Me-Melilite, Ha-Hardystonite, Wil-Willemite, Mul-Mu llite, Sp-Spinels, Pb-Si =Pb silicate
A: (Deneele, 2002), B: (Puziewicz et al., 2007)(Riatak and Seal, 2010)
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Table 2.11: Chemical composition of each mineralgehpresent in historical smelting slags versgsst@am secondary processing of car battery.

Slag Historical Smelting Slags Secondary processing
- Spinel- Melilite-
Mineral Oivine-group Pyroxene-group group group
phases Fa Kir Wo Gl (n=8) Me Gl ol
(n=66) (n=66) (0] (n=59) He (n=10) Mg (n=24) Me (n=12)
Unit % (wt)
Sio, 30.76 31.47 31.13 49.57 43.55 0.95 38.63 38.16 5-39.84  30.4-31.99  30.2-31.35
TiO, 0.02 0.03 0.04 0.05 0.36 1.8 0.02 0.23-0.48 0-0.08 0.54-1.04 0.1-0.25
Al,Oq 0.14 0.02 0.36 0.18 5.64 5.43 1.65 5.58-5.74 3.38- 6.25-15.62 0.04-0.89
FeO 54.25 40.25 45.39 4.35 24.01 82.25 10.71 145-2 8.37-10.84  29.7-30.8 39.2-42.52
MgO 5.02 0.96 4.5 0.27 2.79 0.36 2.55 0.27-0.35 1333 0.06-2.97 2.65-4.24
MnO 0.83 2.07 8.22 0.07 0.31 0.46 0.3 0.19-2.45 40.66 0.66-0.92 1.6-2.72
CaO 4.38 23.27 0.49 44.71 20.92 0.44 36.7 5.12721.734.6-34.67 14.3-20.65 17.5-21.75
Na,O 0.01 0.01 0.11 0.01 0.01 - - 0.05-0.47 2.06-2.57 0.71-0.81 0.11-0.13
K,0 0.03 0.02 0.17 0.03 0.05 0.02 0.31 0.47-1.43 0.11 0.28-0.43 0.03-0.04
BaO - - 0.66 - - - - 0.00-4.56 - 0.81-1.05 0.0-0.16
Cr,03 0.01 0.01 0.12 0.01 0.01 0.06 0.01 0.01 0.0-0.06 - 0.0-0.03
NiO - - 0.03 - - - - - - 0.0-0.12 0.0-0.18
ZnO 5.09 1.64 7.82 0.13 1.93 3.48 9.53 4.69-6.58 2-3% 1.58-1.63 1.29-1.43
PbO 0.01 0.03 0.35 0.01 0.02 0.04 0.01 0.43-16.43.03-0.2 0.06-0.44 0.0-0.08
References A A B A A A A A&B B B B

Fa-Fayalite, Kir-Kirschsteinite, He-Hedenbergite, Wo-Wollastonite, Me-Melilite, Mg-Magnetite, OI-Olivine, GI-Glass
A: (Lottermoser, 2002), B: (Ettler et al., 2000)
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2.3.Alteration of metallurgical slags

Unlike slags resulting from iron and steel product{ferrous slags), those from base-metal
smelters typically contain elevated levels of pt#dly toxic elements (e.g. As, Ba, Cd, Cu,
Pb, Zn) and are a possible source of surface amahdrwater (Parsons et al., 2001). Thus,
many studies have already contributed to understgritie stability of slags and their short
and long term leaching behavior by simulating eittleemically or biologically influenced
alteration experiments.

2.3.1.Chemically induced alteration
2.3.1.1. Short-term leaching assessment of slags

Short-term leaching tests have been extensivelfoqmeed by various researchers to assess
the alterability of the slags under different cammhis, and the details of each test have been
summarized in Table 2.12. A wide variety of smelrd slag related samples such as base-
metal (Zn+Pb slag), lead smelter slag (LBF), imgdesmelting furnace (ISF) slag, secondary
lead slag, Pb+Cu blast furnace slag, Pb slag irenerdn slag in cement, smelter fly-ash, air-
pollution-control residues, soils and agricultutgp-soils impacted by mining and smelters
(either Pb, Zn or both) have been tested to askessshort-term leaching potential of metals.

Each protocol test is different based on differemvironmental simulations: synthetic
precipitation leach procedure (SPLP) as developgdthe American National Mining
Association to simulate the composition of acidnyastandard toxicity characterization
leaching procedure (TCLP) test developed by the RIS simulate the co-disposal scenario
with municipal solid waste, special waste extratfiwocedure (SWEP) developed by British
Columbia intended only for special wastes, suchmaallurgical and mineral wastes,
sequential extraction method developed by CommuBitseau of Reference (BCR) to study
the metal speciation (especially for smelter impdcsoil samples), EN 12457-2 test
developed by the European Union to simulate nomaiaffall conditions, diffusion-leaching
NEN 7341 and NEN 7345 tests developed in the Niethés to simulate the successive pH
drop from neutral to acidic conditions, standardizeH leaching test CEN/TS 14997
developed in the Czech Republic to study the lewchiehavior as a function of pH, single
oxide extraction to extract free reactive Fe, Mrd @l oxides, simple bio-accessibility
extraction test (SBET) developed in Belgium to gtinb-accessibility of ingested heavy-
metals inside the human gastrointestinal tract,sdaddard measurement and testing program
(SM&T) which is similar to the BCR sequential extiian method for metal speciation (the
differences between these two methods can be séable 2.12.

Lewis and Hugo (2000) pointed out that the applicabf TCLP to mineral processing and
metallurgical wastes has been challenged becausleeohigh Acid Neutralizing Capacity
(ANC) of the slags, rendering true assessment eflélaching potential impractical. Each
leaching test protocol is different based on thi#edint environmental simulations and
purposes, nature of targeted wastes or slagsenatleachant used, different duration of each
test, the origin of the country where it is devedpreflecting its country's regulations and
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standards. The application of two or more testsLHG@ SPLP + SWEP) to one single slag
can overcome such controversy and might thus befioeal for short-term assessment. Short-
term assessment is quick, simple to carry out araviges reproducible results and a
combination of these tests can even be beneficialssessing the environmental impact of
slags in different weathering conditions.

2.3.1.2. Long-term leaching assessment of slags

Many studies have focused on the long-term assedsohéeavy metal mobility from slags
which are summarized in Table 2.13. The role of ynaarameters has been assessed such as
pH, liquid to solid ratios, type and concentratmfneachant, agitation speed, oxic or anoxic
conditions, and contact time.

These studies covet laboratory batch scale level: single extraction tests (Romero et al.,
2008), equilibrium leaching tests under saturateddiions (Barna et al.,, 2004), kinetic
leaching test (Ettler et al., 2008), intermittemt amntinuous leachant renewal conditions
(Barna et al., 2004), pH dependent leaching testAddrade Lima and Bernardez, 2013,
Ganne et al., 2006; Vitkova et al., 2013), simolaf weathering in soil environment (Ettler
et al., 2005a; Ettler et al., 2004) and remobil@abf contaminated sediments (Vdovic et al.,
2006); at laboratory pilot scale level: column leaching studies of slags (Seignez eabg;
Seignez et al., 2007; Seignez et al., 2008), @fsstand soils mixture (Navarro et al., 2008), of
slags coupled with phytostabilization (Houben ef 2013; Seignez et al., 201G field
application level: intermittent or continuous leachant renewal cbods (Barna et al., 2004),
outdoor weathering of slag dumps (Seignez et BD62Seignez et al., 2007; Seignez et al.,
2008), field leaching tests (Piatak et al., 20@4¢; relationship between laboratory-based test
results and measured water compositions at rea(Rérsons et al., 2001).

Some of these researchers have combined the redulignamic leaching assessment tests
with geochemical computer models such as PHREEQ@EtEr et al., 2004; 2005a; 2008;
2009; Navarro et al., 2008), Minteq A2 (Ettler &t 2005a; Ganne et al., 2006), Minteq A4
(Vitkova et al., 2013), the statistical models STATICA or XLSTAT 2010.6.01 (Pelfrene et
al., 2011; 2012), Statisticalanalysisone-way ansilyg variance, ANOVA (Houben et al.,
2013), EQ3/6 version 8.0 (Parsons et al., 2001)yelsas more sophisticated geochemical
codes such as WHAM (Model VI) or ECOSAT (NICA-Domanodel) for accurate
prediction of the metal complexation by dissolvegamic matter (Ettler et al., 2005a).
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Table 2.12: Short-term leaching assessments of $Rrgtocol tests).

CHAPTER 2

Experimental conditions

Name of protocol tests Sample i i References
P P pH L/S ratio Leachant types (per I) Shaking Duration
(ml/g) (rpm)
Secondary lead slag A
Synthetic precipitation leaching Base-metal slag dump (Zn+Pb) Deionized water + bSO+ B
4.2 20 30 18 hrs
procedure (SPLP) ISF slag HNO; C
Lead smelter slag D
British Columbia special waste : .
extraction procedure (SWEP) Lead smelter slag 5 20 Acetic acid 10 24 hrs D
Community Bureau of Reference
(BCR) sequential extraction method
» F1: Exchangeable and weak _ )
acid soluble - 40 Step 1: 0.11 M £1,0, 16 hrs
] . Step 2: 0.5 M NKDH.HCI
F2: Reducible by Iron and Slag dum 15 40 containing 25 ml of 2 M - 16 hrs
manganese oxyhydroxides g9 p HNO
3!
E
o . Step 3: 20 ml of KD,,
F3: Oxidizable organic matter 2.3 ) followed by 50 ml of 1 M ) 2 hrs, 16
and sulfides hrs
NH,O
e F4: Residual in remaining, i i Step 4: Digest with i
nonsilicate bound metals HF/HNOs/HCIO, mixture
Dutch diffusion-leaching test, NEN . 5 Distilled water acidified with
7345 Pb slags in cement 4 (volume)* 1M HNO, 64 days F
?:;jztlclh diffusion-leaching test, NEN ISE 784 50 1 M HNQ i 6 hrs G
Air-pollution-control (APC) and fly
ash residues of secondary Pb H
metallurgy plants
European norm EN 12457-2 (EN)  Pb—Cu blast furnace slags 5.75 20 MiliQ + demonized water 10 24 hrs |
Pb slags in cement F
LBF and ISF slags Q
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9.7 Deionized water
Leaching assessment ISF slag in cement 13.4 4 Buffer solution - 24 hrs J
11.8 Saturated (CaO) solution
Standardized pH-static leaching test o 48 hrs,
of CEN/TS 14997 Smelter fly ash 5to 12 10 HN& NaOH - 168 hrs K
L
wastes e :
ml HClI + 2.0 g NaCl+ 0.2 M
_?g{)léggr?ccessmlllty EXtraction  wining and smelters affected soils 1.5 7 100 ggmtci:c%& 1.25 g pepsin + 100 12hrs M
0.5 g citric + 0.5 g malic +
Lead smelter impacted soil 0.42 ml lactic + 0.5 ml glacial N
acetic acids
LBF and ISF slags and polluted 0.11 M GH,O,, 0.5 M o
Standard Measurement and Testing soils 5 10 NH,OH.HCI, 8.8 M HO, +1M 2 hrs
Program (SM&T) Smelter-contaminated agricultural CZ'_:]NOZ'_ HF (48%)+ HCIQ b
topsoil (70%) acids
pH drift

0.111 M NaHCQ+ 0.27 M

Single extractions (to extract free Fe,Smelter-contaminated agricultural 25t 20 i 35 mins P

Mn, and Al oxides) topsaoil 10) NasCsHsO; + 200 g NaS,0,
Secondary lead slag A
Base-metal slag dump B
Air-pollution-control (APC) and fly TCLP soluti 157 m

i icti i ash residues of secondary Pb solution no.1 (5.7 m H

Toxicity characteristic leaching "2 = 058 2 Y 493 20 acetic acid + 500 ml MiliQ + 30 18 hrs

procedure (TCLP) WL 64.3 ml of 1M NaOH)
Pb—Cu blast furnace slags ’ I
Lead smelter slag D
LBF and ISF slags Q

A: (Lewis and Hugo, 2000), B: (Parsons et al., J0@t (Piatak and Seal, 2010; Piatak et al., 2Q002) (de Andrade Lima and Bernardez, 2011; de Adeliaima and

Bernardez, 2013), E: (Houben et al., 2013), F:ki8adt al., 2012; Saikia et al., 2008), G: (Ganhalg 2006), H: (Ettler et al., 2005b), I: (Ettlet al., 2009), J: (Morrison et
al., 2003), K: (Vitkova et al., 2013), L: (BossodaBnzweiler, 2008), M: (Ettler et al., 2012), N:ofRero et al., 2008), O: (Douay et al., 2009; Doagal., 2008), P:

(Pelfrene et al., 2011; Pelfrene et al., 2012)\Yn et al., 2014)
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Table 2.13: Long-term assessment of heavy metallitydipom slags at different experimental conditg

CHAPTER 2

Name of the tests (if

Experimental conditions

Objectives Samples i i Reference
any) ] P oH L/S ratio Leachant types Shaking Duration
_ | (mig)  (per)) (rpm)
Single extraction test Eq”"'b”“”.‘ water soluble Pb. smelter-impacted 7 20 Deionized water - 18 hrs A
Pb extraction test soil
Solubility-controlling Air-pollution-
mechanisms control (APC) 10 720 hirs
Kinetic leaching test residues of 7 510 Demineralized water 60 B
Effect of L/S ratios secondary Pb 50, 100, 48 hrs
i 500, 1000
A Acid neutralization capacity
Batch_ equilibrium and the mobilization as a 2to 14 10 HNQ3 and NaOH a_t 48 hrs
leaching tests . varying concentrations
function of pH
Saturated leaching tests Contaminants release rate
I gt and mass transfer rate undeggad materials Demineralised and 5-6 months
on monolithic material d diti m heti
saturated conditions containing ISF and 13 2 ml/eni* synthetic pore water (1 _ C
. . To simulate cyclic wetting LBF gCa(OH)+2.2¢
Lab-scale: intermittent oy grving under varied NaOH + 1.6 g KOH) 8-9 months
wetting conditions arying "
environmental conditions
. ) . (e.g., humidity,
P"Ot. scale: |r.1t.erm|ttent temperature, atmospheric - - Natural rainwater 16 months
wetting conditions CO)
(pH 2:2.5 M HNQ; pH
. T 4:1 M HNG;; pH no
pHsiacleaching test Neutral acidification range  ISF 240 10 6:0.25 M HNG; pH shaking 96 hrs D
10:2.5 M NaOH)
H dependent leachin Leaching behavior of slag
![Dest P 9 & Stability of slag over pH Lead smelter slag 1.1-12.2 10 HCI & NaOH - 24 hrs E
range
PHyaleaching test Leaching behaviouras a = g oer fy ash 512 10 HN® NaOH . 48,168 hrs F

function of natural soil pH
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CHAPTER 2

Effect of low molecular

20 and 8 mM citric

) . : 2.4 10 . . 30 days G
weight organic acids acid solutions
Weathering in soil Primary Pb smelting Standard fulvic acid
environments Effect of high molecular ~ Slags (DOC 50.8 mg/L) &
weight organic acids 3.68 10 peat water (DOC 47.1 60 112 days H
mg/L)
(i) Slag particles in river 8.27.8.7 River water, oxic
Remobilization water, (ii) sediment in river LBF and ISF slags, fc;r botﬁ condition (7.8-9.5
: water, and (iii) sediment  and polluted . - mg/dn? of O,) and - 2-10 days I
experiments . S . oxic & . o
and slag mixture in river  sediments suboxic suboxic condition (1.8-
water 3.2 mg/dmi of 0))
Column leaching test for Local structure and
slag grains and polished composition at the slag 5.6
section slags surface on metal mobility | g 10 Pure water (60 mi/h 15, 26 days J
- _— recirculation flow rate) '
Outdoor weathering test Natural weathering of slag i
heap
Column leaching test Soil and groundwater Base-metal-smelter Demineralised water
ching contamination from slag 7 - (2.4 L/h recirculation - 5 hrs K
(Slags + soil mixture) slags (Pb & Zn)
dumps flow rate)
Long-term behavior of
Column leaching test for heavy metals, their mobility Slag dum i i Deionized water i 17, 25, 30, L
phytostabilization and speciation from slag 9 P 55 days
dump
I’:zg::rr?iarllgg(rjoit:g:jres of Pb-Zn metallurgical Solution 1. MiliQ + DI
. Long-term assessment 2,56 10 + HNG;, 60 12 months M
Czech regulations (e.qg. slags Solution 2: pure DI
AFNOR) P
Mineralogical and
A modified version of a geochemical controls on theBase-metals 7 20 Deionized water i 24 hrs N

Field Leach Test

leaching under natural
weathering conditions

smelting slags

A: (Romero et al., 2008), B: (Ettler et al., 2008), (Barna et al., 2004), D: (Ganne et al., 20@85)(de Andrade Lima and Bernardez, 2013), F: (\li&et al., 2013), G:

(Ettler et al., 2004), H: (Ettler et al., 2005a)(\dovic et al., 2006), J: (Seignez et al., 2088ignez et al., 2007; Seignez et al., 2008), Kvéx@ et al., 2008), L: (Houben

et al., 2013), M: (Ettler et al., 2003a; Morrisdraé, 2003), N: (Piatak et al., 2004)
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2.3.1.3. Applicability of both short and long term leachingtests to metallurgical slags

The significant differences between both short komdy term leaching tests are the contact
time, type of leachant, agitation rate, pH, liqtedsolid (L/S) ratios, and particle size of the
sample. All short term assessment tests are basth, tquick and simple to carry out with
reproducible results. As they are intended for tsteom risk assessment and characterization
of slags at a glance, a combination of these tmtisgive an idea of leaching behavior of
metals under different leaching scenarios (landédid rain, soil dumping). However, the
requirement for particle size reduction of the slatyring these tests does not reflect the
conditions in which metallurgical slags are gergrptocessed. They are usually rocklike,
monolithic structures, where leaching is minimized.

On the other hand, the long term leaching testercmore criteria. As size reduction is not
the requirement, it represents closer to field domts. It also considers whether or not the
acid-base neutralizing capacity of the slag willdepleted over longer period of contact time.
In addition, the flow conditions of the water (domard and horizontal flows) along with the
simulation of rain-fall (intermittent and cyclic wmg of the slag) are main advantages of
long-term leaching tests over short-term ones. ag@icability can be challenging if only test

is applied and the amount of metals leached outbeagither under or over estimated. Thus,
the application of both short and long term leaghassessment tests should be considered to
fully understand the leaching behavior of the metgical slags.

2.3.1.4. Alteration mechanisms and rates of slags (glass gsicate)

Both Etter et al. (2003b) and Mahé-Le Carlier ef28I00) observed that the alteration of Pb-
Zn slags is initiated by the leaching of networkdifier elements like Ca, Mg, Mn and Fe.
Curtis (2003) further explained that it is due be thydrolysis reaction and the nucleophilic
property of water on the silicon atom (Eq. 2.1).n€alt (2008) also pointed out the three
different equilibria during the slag alteration) @n electrochemical equilibrium at the slag
surface, (2) a new thermodynamic equilibrium wittaqueous solution due to element
dissolution, and (3) the equilibrium which involvige solubility formation of stoichiometric
hydrates of hydroxide phases due to hydrolysis.

=Si—0—M+ H*+ OH S=Si—0—H* + (MOHorOH™) + M* Eq. (2.1)

With increasing hydration energy, H-O—H bonds arentually broken with loss of protons
(H" ions) during an exchange with cations (Curtis,300he exchange reaction betweeh H
ions and cations from the slags leads to an inereashe pH creating neutral to moderately
basic environment. This accelerates the silicaasgdgophenomenon by a probable mechanism
of breaking strong links of the residual glass lgrbxyl ions of solution. The condensation
reaction between two silanol groups leads to the&bion of hydrated silica gel (Eq. 2.2).

=Si—-0—H'+=Si—0—-H*5=Si—0—Si =+H,0 Eq. (2.2)
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The newly formed silica gel or secondary phasegesas the protection layer on the surface
of altered slag, thus limiting the contact betwdenslag and the solution which consequently
leads to the pore diffusion control of the aquesotution through this growing layer
(Conradt, 2008). Many silicates and non-silicateases in the slags are observed to release
metals into solution at different rates. The diggoh rates of many silicate and oxide
minerals are pH-dependent and the steady-stat&ofarequilibrium dissolution behavior of
these minerals produces a U-shaped curve on adllsgo{ution rate) vs. pH plot (Brantley,
2008). The overall dissolution rate of the slag banthe sum of the rates of the individual
silicate and oxides phases. The newly formed sijehor secondary phases on the slag
surface which is adjacent to the solution can aksdhe keys to control the sum dissolution
rate of the slag, i.e. the solid/ liquid interfagffects rates more than the in-depth leached
layers (Hamilton et al., 2001).

2.3.2Biologically induced alteration

In contrast to the extensive studies on chemidaration of slags, only few studies have
focused on the involvement of microbial activity evhslags are subjected to alteration. This
section will therefore be extended to the dissotlutdf single glass or silicate phases in the
presence of bacteria, and the interaction of biacterd heavy metals rather than limiting just
to the bio-alteration of lead and zinc metallurgalags.

Microorganisms are well known for their particimati during mineral formation and
dissolution. Some microorganisms are able to (4igli& or reduce a dissolved inorganic
species in energy metabolism; (2) detoxify the @oogis inorganic species; (3) actively or
passively uptake one or more dissolved inorganecigs followed by conversion into a
cellular support or protective structure; and (dhance their competitiveness in a microbial
community. Other microorganisms are able to dissaymineral by using it: (1) as a source
of energy, (2) as an electron acceptor in respmat(3) as a trace element requirement, or (4)
to enhance competitiveness in a microbial commu(krlich, 1996). Several bacterial
strains from diverse genera have been reportedvte mineral-weathering abilities (Uroz et
al., 2009). They can impact mineral stability alome in association with other
microorganisms, forming complex microbial commuestthat colonize mineral surfaces.

2.3.2.1. Bio-alteration / bioleaching

Bio-alteration due to the heterotrophic microorgam are focused here due to the high acid-
buffering capacity and alkaline nature of metalicatyslags, and the fact that these slags are
dumped in soil where organic matter and nutrients present which heterotrophic
microorganisms can utilize. Eleven heterotrophicroorganisms from an alkaline slag dump
have been isolated, including nine bacterial s$raione fungus and one yeast isolate
(Willscher and Bosecker, 2003). There is even avgng interest in the application of
heterotrophic leaching of alkaline slags and fitests/oxides from metal processing as most
Thiobacilli cannot solubilize effectively alkaline wastes wihl values above 5.5 (Gadd,
2000). Hutchens et al. (2003) clearly showed thatKk-feldspar dissolution was enhanced in
the presence of heterotrophic bacteria, where #greg of dissolution depended on the
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different bacterial strains and growth conditiorgpléed: Serratia marcescensvas very
effective in enhancing most feldspar dissolutiome Tinfluence of bacteriaAgotobacter
chroococcum, Bacillus megateriuand Bacillus mucilaginosuspn Pb and Zn speciation,
mobility and bioavailability in soil was reported jWu et al., 2006) in a series of single
chemical extraction, sequential extraction andiin soil solution extraction technologies.
Heterotrophic microorganisms M(crobacterium sp., Promicromonospora spand
Pseudomonas cedripamprove the solubility of metals primarily releaks by biooxidation,
and enhance the transport of these environmentd#tyant metal by excretion of complexing
agents (Willscher et al., 2007).

2.3.2.2. Sorption of metals onto bacterial cells and compleation by their byproducts
(EPS, siderophores)

During the alteration of basaltic glass and a i bottom ash, the sorption of many
dissolved elements (Si, Mg, Fe, Ti, Ba, Co, Zn, Buand Cr) was found in the biofilm and
adsorbed ont®. aeruginosacells(Aouad et al., 2006). The three conceptualtrea sites: an
acidic (carboxyl and/ or phosphodiester), a neyphbsphomonoester), and a basic (amine
and/or hydroxyl) group of three bactei@upriavidus metallidurans CH34, Pseudomonas
putida ATCC12633and Escherichia coli K12DH5Rand for Zn sorption were further
investigated by (Guine et al.,, 2006). The increasd-e concentrations was due to the
production of pyoverdine and its chelation capasitjAouad et al., 2006; Yin et al., 2014).
Moreover, the production of chelating compound®fetymers, siderophores, pigments) was
highlighted by (Hutchens et al., 2003) as possibéxhanisms behind enhanced K-feldspar
dissolution.

Extracellular polymeric substances (EPS) secreted bacteria also play an important role in
binding with metal-cations due to their anionic gedies. Pb has a greater affinity for EPS
than Cd where the mineral fraction of the EPS kelyi involved to a large extent in the

sorption and binding strength between metals an@ Euibaud et al., 2006). Similarly, the

binding affinity of EPS from fungiRestalotiopsis spfor Pb is higher than for Zn (Moon et

al., 2006). In addition, the pH plays an importasié in metal sorption onto EPS where no or
minimum sorption occurs at acidic pH and the pewag® of metal adsorption increases with
higher pH (Guibaud et al., 2006).

2.3.2.3. Bio-alteration mechanisms

The possible bio-alteration mechanisms along wiiflergnt biochemical interactions between
the heterotrophic bacteriuRseudomonas aeruginasad LBF slag is illustrated in Figure 2.2.
Under the chemical alteration of slag, the solqlHld reaction first took place where it
favored the hydrolysis of Siand dissolution of network modifying elements liRef* and
Mg®*. The matrix neutralization reactions between cetiand H from the liquid medium led

to the accumulation of OHons which resulted in a pH rise. Under the bieraltion of slag,

Fe dissolution could be significantly enhancedhmy siderophores and bacteria bodies served
as bio-sorbent due to their higher surface to veluatio (Konhauser, 2007). Siderophores
can be classified into three categories dependmthe moiety that donates oxygen ligands
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for F€* coordination: catecholates or phenolates, hydroxesnar carboxylatesi-hydroxy-
carboxylic group or a mixture of these groups (Sethal., 2013), where complexation occurs
not only with Fe, but also with other metals like &d Zn.

Chemical alteration Secondary O,-Oxidation & CQ Carbonation
Fe?t, Zm+ & Siz* pTECIpItateSl
1 [m etallt
Acoumd \*“‘7..(.‘.---(-?} """" v [Silt .
cah ), e L
f L H++OH<—NbO€9H§T pH1 ) Hyassy¥ M B
> Mg Inmal exchang . .
s, B -Si-O-Mgjagt HaO% (agy> -Si-OHyiass)t HO + MF o
e & dominantll | 1o neytralize double negative charge by (c120 @ Hoass ...,
PR+ Ca*-> required 2H
In the presence of bacteria , EPS& Siderophores l . .
2+ 2+ PR+ 2¢ Lipopolysaccharide
S Attached siderophores Cea™*, Mg, P*& Zn
Fegv> - ; Ve N
S - Protein
; 0,& CO
Cat 3 > 28 CO;
Mg2+(\) \\\ Free siderophores ¢ Bacteria
e Secondarﬁl PR cell wall
recipitate:
P?*& Zn2* precip

N g . Bacteria bodies servingas Zn?*
Se best bio-sorbent

no adsorption effects bet . . X .
si& siderophores orEps € is mainly scavenged by siderophoreB.aferuginosa

Outer cell membrane ~ Periplasm

PN R1 OH
on Ri1 OH R .
Catecholates Hydroxamates Carboxylates
group group group Possible metal complexation sites on different fienal groups of siderophores

Figure 2.2. Alteration of LBF by the heterotrophibacterium Pseudomonas
aeruginosgmodified from van Hullebusch et al. 2014, in pjess

2.3.3Mineralogical control on metal mobility

The primary mineral phases present in lead and roieiallurgical slags (Tables 2.6 and 2.8)
control the release of metals and metalloids irfte environment under weathering
conditions. The slags glass phase is more reaatideliberates minor relic sulfide ores, or
metallic droplets entrapped in it (Ettler et al003a; Parsons et al., 2001). Zinc is probably
leached either from sulfide/metallic droplets sashFe-rich wirtzite((Fe+Zn)S), or from Zn-
bearing silicates (e.g. melilite) and glass. Spim&in Zn concentrators, as well as willemite
(Zn,Si0Oy) are most resistant to weathering and do not fsegnitly contribute to Zn liberation
(Ettler et al., 2003a). On the other hand, Zn parted volumetrically into minor sulfides is
prone to weathering and liberation of Zn (Piatakl &eal, 2010). Other phases such as
franklinite are not very reactive and stable upkb 2 (Ganne et al., 2006). Moreover, the
formation of secondary precipitates such as HFOAIQ®OH are also controlling the release
and mobility of metal and metalloids through sayptiand/or co-precipitation (Ettler et al.,
2009).

More studies have been done on the bio-accesgibiliPb and Zn, in soils from mining and
smelter areas (Ettler et al., 2012), from slagss@®oand Enzweiler, 2008) and the Pb
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mineralogy control on leaching and relative bioessibility (Romero et al., 2008). Glass
phases are thus very important in controlling heaeyal mobility as well as bio-accessibility
when being ingested, while the heavy metals inligag® matrix are protected against
leaching. The presence of heterotrophic bacterfzamees the dissolution of minerals as
olivine (clinochlore, lizardite, nimite and willemite) significantly diminished in quantity
(Chiang et al., 2013). Similarly, the presence R#eudomonas aeruginosgramatically
enhances the solubility, and therefore the mobditynetals contained in LBF slags (Yin et
al., 2014, van Hullebusch et al., 2014, in press).

2.3.4Secondary precipitates

Geochemical analyses of leachate was used to nttelaslpeciation of dissolved constituents
and to evaluate the saturation state of the salsitiwith various solid phases to investigate
potential controls on the water composition (Piagall., 2004). The saturation index (SI) of
an aqueous solution with respect to a mineral imele by:

SI = log(2) Eq. (2.3)

where Q is the ion activity product and K the eipuiim constant for the dissolution reaction.
If the Sl is zero, the water composition reflectdubility equilibrium, a negative value
indicates under-saturation, and a positive valaécates super-saturation, thus indicating the
formation of related secondary precipitates (Pastral., 2001).

The secondary precipitates formed vary based ordifferent experimental conditions laid
out in Table 12. Under oxidizing conditions, withsapply of atmospheric CCat pH 6-9,
formation of cerussite (PbGPand amorphous hydrous ferric oxides (HFO) havenbe
reported reflecting thdong-term leaching assessment conditions(Ettler et al., 2003a).
According to Ettler et al. (2005a), the key factmituencing the precipitation of HFO are (i)
the effective dissolution of primary Fe-bearing gds and, to a lesser extent, of primary
silicates, oxides and glass accompanied by a eleaBé" into the solution and (i) the time
necessary for oxidation of dissolved“Edn case ofoil weathering environments with the
presence of low or high molecular weight organidscthe formation of well-developed
calcite (CaC@) crystals and an amorphous organo-mineral matriklleO and amorphous
SiO, was reported (Ettler et al., 2004). Metals like Bb, Cu and As present in the leachate
were subsequently adsorbed onto newly formed HF@apped within the calcite structure.
Zn exhibits a more pronounced mobility and is abdedron HFO/FO only at pH values higher
than 7 (Ettler et al., 2005a). Similar adsorptidnPb onto HFO was also fourat natural
alteration of old metallurgical slag dump sites (Mahé-Le @arkt al., 2000). In addition to
HFO, AIO(OH) as well as phases such as chalcantli@&SQ.5H,0), siderotil
(FE'CuSQ.5H,0), jarosite (KF&3(OH)s(SOQu),), brochantite (Ci8Oy(OH)s) and gypsum
(CasSQ.2H,0) were reported at old base-smelter slag dumps sibedergoing natural
weathering (Piatak et al., 2004). Moreover, briamgite [Zry(COs;,SQy)(OH),4], and less
common phases like bechererite [(Zn£Zmy(OH).3[(S,Si)(O,0OH)]2] were identified as a
secondary coating and as fibrous/ bladed crysilitgyfin cavities of zinc slag on dump sites
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(Piatak and Seal, 2010). Alteration of alkaline eniais in basicity was accompanied by
alteration of mineralogy which undergoes solubil@a-precipitation, as evidenced by the
decline of primary phases such as dicalcium-s#icdiredigite and periclase and the
augmentation of secondary phases such as menamitealcite (Chiang et al., 2013).

2.4.Conclusions and outlook

Comprehensive and extensive studies have already bstablished concerning chemical
alteration of slags under different experimentahdibons, and the results of these studies
indicate that detailed characterization of slag eralogy, surface area, and dissolution of
slags and mobility of metals is needed, as wethasapplication of at least two or even three
simple leaching tests (TCLP + SPLP + SWEP). Thightibe beneficial for short-term
assessment, as these tests provide reproduciblésraad their combination can be beneficial
in assessing the environmental impact of slagsfferdnt weathering conditions. However,
most studies have been restricted only to laboydiased leaching assessments. Thus, many
guestions are still remaining concerning field weaing conditions and to predict the long-
term (i.e. tens to hundreds of years) reactivityhese metallurgical wastes (Ettler and Johan,
2014) or to relate laboratory test results with suead values in the field. In addition, it is
still difficult to determine the alteration rateadakinetics of each individual crystalline or
glassy phase present in metallurgical slags caritngy to the overall alteration of slags even
at the laboratory scale.

Compared to chemical alteration studies of metgibal slags, the focus on involvement of
microbial activity on natural alteration of thedags is relatively poor. Thus, further research
is required to investigate the microorganisms iagdlin the leaching of alkaline slag dumps
and to pinpoint the physiological processes invblve metal solubilization. With such
knowledge, heterotrophic leaching can be an alte&or bio-metal recovery from alkaline
slags where improvement in the leaching performaacebe achieved by manipulation of the
leaching conditions.
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3.1.Introduction

The global mining industries produced 4,140,000rimébns of lead (Guberman, 2012) and

12,000,000 metric tons of zinc (Tolcin, 2012) inlR0where the principal use of lead is

heavily reliant on the lead-acid battery indusamgd the automotive sector (Guberman, 2012)
and the primary demand for zinc is galvanizingwimch a zinc coating is applied to steel to

prevent corrosion (Tolcin, 2012). Other uses ofczinclude the production of brass and

bronze, zinc-base alloys for die-casting, chemjaaisl zinc semi-manufactures.

Zn becomes widespread in natural environment dubeanajor anthropogenic inputs from
vehicle emission, sewage sludge and pig slurryasiing, road runoff, industrial emission,
and the geogenic input from the weathering of Zaring rocks (John et al., 2007; Juillot et
al., 2011). Among all the anthropogenic sourcesath Pb smelters are large contributors to
Zn and Pb emissions (Shiel et al., 2010). Many istudhave highlighted the pollution
associated with lead and zinc metallurgical agésiin many environmental compartments:
atmospheric heavy metal emissions and depositian AMphen, 1999), surface and ground
water contamination (Parsons et al., 2001), agdticall topsoil (Pelfrene et al., 2011) and
river sediment (Vdovic et al., 2006).

Due to active participation of Zn in multiple bigical and low temperature inorganic-
chemical reactions, isotopic variations of Zn canused as a tracer of biogeochemical and
chemical processes and sources of pollution (Svl., 2008). The variations of Zn isotope
compositions from different anthropogenic actistighermal distillation or electrochemical
purification) were reviewed by (John et al., 208@Y in different natural environments (rain,
seawater, sediments, etc) by (Cloquet et al., 2008his contribution, we endeavor to better
understand the Zn isotope fractionation within domtent of metallurgical industries and
activities. Thus, this mini review is especiallyddmted to the Zn isotopes fractionation
occurring during Zn-Pb ore formation, smelting msses of these ores, smelters related air
emissions, slags (solid wastes), and smelter-inepgaetvironmental compartments (water,
air, soil and biological samples).

3.2.Contribution of analytical development

Zinc has five stable isotope¥$Zn (48.6%),°°Zn (27.9%),%"Zn (4.1%),%*zZn (18.8%), and
°Zn (0.6%) with their relative abundances in natufénc isotopes and their natural
abundances were first determined by (Rosman, 1€d2)to the limitation in analytical
precision, no further work had been done in teri@ssamples. During the late 1990s, the
technical development on multi-collector inductiwetoupled plasma mass spectrometry
(MC-ICP-MS) made it possible to measure Zn isotop&sultaneously and accurately
(Marechal et al., 1999) in a wide range of samplash as biological materials, sediments,
ores and silicate minerals (Maréchal et al., 2000)the early 2000s, the kinetic and
equilibrium mass-dependent fractionation laws wasoduced, and their geochemical and
cosmo-chemical significance in nature were disaligse O and Mg isotopes (Young et al.,
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2002). Later, the analytical challenges of meagurnrass-dependent isotopic variations in
nature was further addressed in many studies suitieaspectral interferences (Mason et al.,
2004a) and mass discrimination effect (Mason et28l04b) during analysis of Cu and Zn
isotopes by plasma source mass spectrometry. Tigesthave been extended to different
non-traditional isotopic systems: Li, Mg, Ca, Ce, Se, Cl, Mo (Albaréde and Beard, 2004).
Following the first development in ion-exchange aegion techniques for isolation of Cu
and Zn isotopes (Marechal and Albarede, 2002), tdolniques later evolved for more
complex and concentrated solutions like acid miraéndge samples (Borrok et al., 2007), for
very dilute aqueous solutions like river waters ¢@let al., 2009). In addition, the matrix
effect due to resin-derived contaminants duringucwl separation was evaluated as well
(Shiel et al., 2009). Although the extent of Zntdgmes fractionation of environmental
samples in nature is quite smai®®n~1.7%.) compared to the other transitional metal
isotopes §°Cu~9%o), thanks to MC-ICP-MS, the measured rangg”@ is approximately
20 times larger than the analytical precision (\dlon et al., 2005). The magnitude of Zn
stable-isotope fractionation is usually expressed®®an/*zn, °“znf*zn, *®znf*zn with
normalization to the most abundant form of Z&n (48.6% in abundance). It is expressed as
the relative deviation with respect to a standaf@érence: the Johnson Matthey Company
(JMC), in either parts per 1000)(or parts per 10,000) as mentioned in Equation 3.1
(Black et al., 2011).

8 °Znymc = {[(*°Zn*Zn)sampid (¢°Zn*ZN)3mc]-1}+1000 (%o) Eq. (3.1)
3.3.Zinc and lead smelters
3.3.10re signatures

The primary sources of Zn and Pb production arenftbe minerals sphalerite (ZnS) and
galena (PbS) where Zn and Pb are the major coestguof the ores. Variations of Zn
isotopes in sulfide-rich ores have been reportechbyy researchers (Figure 1) whéf&n
values are ranging from -0.17 to 1.33%o in sphaeiith samples from Ireland (Wilkinson et
al., 2005), from -0.4 to 1.2%o. in ores from Orlovdad Spokoinoe mining site (Dolgopolova
et al., 2006), from 0.1 to 0.5%0 in ores from FirdgfVeiss et al., 2007), from 0.00 to 1.14%o
in sphalerite rich base metal deposits from Norithiaska (Kelley et al., 2009), from -0.43
to 0.23%0 in Alexandrinka ore deposit from Russiaafdn et al., 2005), from 0.2 to 0.37 %o
in ZnS ores from Europe (Sonke et al., 2008), caetpdo the initial hydrothermal fluid
composition of 0.0 + 0.1%., respectively. Despitesath variations, th&°®Zn signatures of
ores used in Pb and Zn smelters have remarkablypgeneous isotopic compositions where
the averagé®®Zn is 0.16 + 0.20%. (2SD, n=10 mines, n=61 analysesjsidering different
mine locations as well as initial ores compositi(®snke et al., 2008).
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Ore signatures
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Figure 3.1. Summary ofublishedd°®Zn variations in sulfidelerived ores originating frol
different countries as well as carbor-derived ores in comparison &°Zn signature of
initial hydrothermal fluid and ore weathering (iThe detail values are given in Table -

Supplementary data).

3.3.2.Smelting processes

The typical primary lead refinery is by means @fdeblast furnace technology (LBF) wht
the roasting of ores, mainly sinter, coke and fflureves through a vertical shaft in cou-
current to the ascending gas flowhe descending ore concentrates successively [
through the preheating zone (at 200°C), the reaciraeduction zone (at 900°C), the melt
zone (at 1150°C), and finally the combustion z(Verguts, 2005)Production of zinc use
the imperial smeltig technology (ISF) which includes the mult-health, suspension,

fluidized bed. Zinc ore concentrate is introducatb ia multipl-hearth roaster (at abc
690°C) to produce calcine which is later blown iatsuspension roaster or fluidi-bed
roaster (at about 980°Qpordon et al., 200.

The hightemperature roasting process is closely followedthleyelectrolytic processes whe
the calcine is leached with sulfuric acid. The zsudfate electrolyte circulated continuou
the leach tanks witHead/silver alloy anodes and aluminum cathode whene was
recovered and stripped from the cathodes, meltadi cast into slab(Gordon et al., 200.
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The Zn isotopic fractionation induced at differstgps of smelting at Pb and Zn smelters are
given in Figure 3.2.

The Zn isotopic compositions were evaluated dutiregsmelting activities of zinc and lead
ores (Shiel et al., 2010). Zn ore concentrates wermally treated in two parallel processes:
roasting (80-85%) and pressure leaching (20-25B@),résidue from the Zn leaching plant
went to Pb smelters and was fed together with Rbconcentrate3®®Zn values from Zn
smelters ranged from 0.09 to 0.17 %o in Zn ore cotre¢e, 0.17 + 0.06 %o in calcine 100%
recovery from ore to calcine), 0.22 + 0.06 %o inimel Zn ~98% recovery from overall
process), and 0.41 to 0.51 + 0.08 %o in smelteuefit. On the other hand, the mixed feed of
Zn residues to Pb ore concentrate B&@n values of 0.33 + 0.15 %o, and ZnO fuming plants
(0.43 £ 0.06 %0). No significant fractionation wabserved between ore and refined Zn
product despite the significant fractionation ie gffluent.

3.3.3Slags

The Zn isotopes signature related to slag mateataRRb and Zn smelting sites can exhibit a
large range 06°°Zn; 0.81 + 0.20%. (Juillot et al., 2011), 0.37 td&%o from Pb-Zn refinery
(Couder et al., 2008), 0.85 + 0.74%. from Belgian réfinery (Sonke et al., 2008), 0.18to
1.49 £ 0.04%o for tailings at a former French Znmefy site(Sivry et al., 2008), 0.78 + 0.13
%o in Pb slags and 0.13 + 0.05%o in Zn slags (Yialetin preparation). Thus, Zn slags from
Zn-Pb refinery displays heavier Zn isotopic signasuranging from 0.13+ 0.05%o. to 1.49 +
0.04%o.

3.3.4 Air emissions

Unlike the heavy signature of Zn in slags, dustiplas from the smelters are enriched in
lighter Zn isotopes: -0.07 + 0.06%o in initial stepZn grilling, -0.35 to -0.37 £ 0.03%o In
final step of imperial smelting furnace, 0.05 t@D+ 0.05 %o in initial step of Pb grilling,
and -0.66 £ 0.02%o in final step of lead blast fum&Mattielli et al., 2009).
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Emission?
Emission? : 066Zn: -0.66 +0.02%o References
365Zn: 0.05 to 0.21 +0.05%0 ' A A. Mattielli etal., 2009
A B. Shieletal., 2010
C. Couderetal., 2008
. ) 5 D. Juillotetal., 2011
Pbore grilling Mixed feﬁe;d |r1 Pboreco nocentrate E. Sivryetal. 2008
(‘21) 0°%%Zn: 0.330.15 %o ° F. Yinetal., in preparation
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Figure 3.2. Published Zn isotopes variations dudifigrent steps of smelting activities at Pb amdsfelters (The detail values are given in
Table S2 - Supplementary data).
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3.3.5Fractionation mechanisms during smelting processes

A significant fractionation of Zn isotopes was ieed during high temperature processes
involved in roasting steps which followed Rayleigtw, and during electroplating steps
where massive transport of Zn ions and solid dejpoasof Zn onto the electrodes occurred.

3.3.5.1. Rayleigh fractionation (roasting process)

The temperature roasting processes can be as Bighp ao 1200°C, which favors the
Rayleigh fractionation law which depicts the staldetopic evolution of a homogeneous
reservoir from which a phase is continuously exedand the distinct signature of isotopes
between the starting material and the fraction reathproviding that it is the closed system.

A=8,~1C (a-1)In f Eq. (3.2)

where 6 and d,, respectively, are the stable isotopic compositiof an element in the
reservoir to start with and when a fraction f of triginal amount of the element is lett,
the isotopic fractionation factor between the phasparating out and the reservoir. Zn
isotopes fractionation during refining and smeltiofy sulfide ores clearly reflected this
Rayleigh distillation trend; lightest signature tihhe air emissionsd¢®Zn: -0.66%.) while
heaviest signature in slagi¥{n: 1.49%.) compared to the initial or&®{Zn: 0.09 to 0.17%o)
and final refined Zn signatured®{Zn: 0.22%o).

3.3.5.2. Electroplating

Only a few studies have focused on the Zn isot@qaesionation during the high-temperature
roasting process whereas no study has been dotleeoinactionation induced due to the
electroplating of Zn from the roasted calcine inRZlm smelters. However, some experimental
studies highlighted the substantial isotopic fi@ztion could occur for electroplated Zn and
Fe (Rodushkin et al., 2004). John et al. (200Zjaithy reported the electroplated metallic Zn
in coins withs%°Zn ranging from -0.56 to -0.2%.. Electroplating imed a significant isotope
separation of the electroplated zinc with respecthe starting solutions{®Zn = 0.00 +
0.06%o); with lighter Zn isotope${Zn = -3.5 to -2.45%0) preferentially deposition (v

et al., 2008). Thus, electrochemistry appears dmde larger Zn isotope fractionation than
roasting process, future studies focusing on thastiqular issue might offer a viable
explanation for the shift @®°zn from lighter to heavier values.

Many possible mechanisms contributing to the foagtion during electroplating includes
mass transport to the electrode through the soluttectron transfers, aqueous speciation,
phase change from aqueous ion to solid metal, atiocle and growth of metal on the
electrode. However, the diffusive transport of sgedo the electrode surface and the stable
isotope dependent kinetics of an electron transaction might be the only two processes
governing the fractionation (Kavner et al., 200Bjactionation can be interpreted as a
competition between the two kinetic processes: firassport-limited kinetics with a large
activation energy creating small fractionation, atettrochemical deposition kinetics with a
smaller effective activation energy creating lafrgetionation (Black et al., 2014).
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3.4.Smelter-impacted environmental samples

A number of studies have recently focused on tleeaisZn isotopes as tracers of pollution
related to Pb-Zn refineries in various environmenggural water bodies, sediments and soil
in Figures 3.3 and 3.4.

3.4.1 Natural water bodies (groundwater, stream and riverwater)

Groundwater collected downstream the tailings wasngly enriched in heavier isotopes
from 1.18 to 1.4%0 corresponding to the signatueg sikhich confirmed the groundwater
contamination from dumpsite seepage (Sivry et2808). The3°®Zn varied from 0.02 to
0.46%o in the stream impacted from historical minawivities (Borrok et al., 2008) which
can be further compared to the heavy Zn isotognatures of effluent from Zn-Pb refinery
i.e., 0.33 to 0.51%. (Shiel et al., 2010). The ipetsignatures in contaminated surface water
impacted from former mining sites were remarkalotyilar: 0.20 to 0.30 = 0.09%o. (Aranda et
al., 2012). However, the pore water collected withinearby metal-impacted wetland area
was more variable, ranging from 0.20 to 0.80 + %0Figure 3).

3.4.2Sediments (lake and reservoir)

The river sediment downstream of the former Znfaodity in France carried 8°°Zn of 0.91

+ 0.04%0 (Figure 3), whereas the reservoir sedinredd km downstream of the plant carried
a heavies°Zn of 0.75 to 1.35%. depending on the depth (0-18) af the sediments (Sivry
et al., 2008). The lake sediments taken from 1 kstadce of former Zn smelter in Belgium
accumulated heavy metals (up to 4.7 wt.% Zn, ahdvt.% Pb), showing variations &°Zn
ranging from 0.07 to 0.39%. depending on the deptto(40 cm) of the sediments (Sonke et
al., 2008). Similarly, isotopic changes in the sseht core in Seattle urban lake were
correlated with different periods of smelter opienat 0.39 £ 0.09%. in the pre-smelter period
(~1450 to 1900), 0.14 £ 0.06%0 during the smelter afp@n period £1900 to 1985) and 0.0
+ 0.1%o in the post smelting period after 1985 (Tddegpet al., 2010).

3.4.3.So0il (peat bog soil, inland soil)

The air emissions from Pb-Zn smelters and re-susperof particles from slags-dump can
be considered as major Zn contributors to thelgodted at the smelting sites and within 1 to
5 km radius of the smelters. The emissions frortirggiand all steps of smelting activities
have the3°®Zn signatures from -0.66 to 0.21%. while the pattiter matter (PM) collected
within 1 to 5 km radius of the smelters from -0t62.07%. (Mattielli et al., 2009) (Figure 4).
Significant Zn isotope variability (Figure 4) wasuhd in peat bogs sampled adjacent to
smelters (0.40 to 1.29%.) where the upper sectiah®bog was enriched in lighter isotopes
and the heavier isotopes enriched in the deep¢iossqWeiss et al., 2007). Similarly, the
8°°Zn of near surface soil and at lowest horizonsaif fell within the same range: 0.22 to
0.76%o (Juillot et al., 2011).

In contrary, the soils located within 1 to 5 km itedof the smelters showed the ligfitzn
signatures where the depth distributions&%n in contaminated soil ranged from -0.47 to -
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0.08%o in 1 km distance, -0.47 to 0.00%. at 3.8 kistatice and -0.53 to -0.06%o at 5 km
distance away from the smelter (Bigalke et al., @0IThe light §°°Zn signatures of
contaminated soil within 1 to 5 km radius couldrie&ated to the lightest signatures of air
emissions from the smelters, suggesting that lighAteisotopes drifted by the winds away
from the smelters and deposited or washed outdyatin afterwards.

Smelter-impacted water, sediment and soil profiles
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Figure 3.3. Published Zn isotopes variations inlsané@npacted water bodies, sediment, and
soil (The detail values are given in Table S3 -[@amentary data).
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Smelter-impacted soil profiles
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Figure 3.4. Published Zn isotopes variations inlemémpacted soil (The detail values are
given in Table S4 - Supplementary data).
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3.4.4Fractionation induced by geochemical processes (gion, complexation and
precipitation)

The extent of fractionation in the smelter impaceeironmental samples can be different
following the different geochemical or physiocheatiprocesses such as surface adsorption
onto mineral oxide and oxy-hydroxides, complexatoth organic acids or different metallic
to aqueous species and secondary precipitatioarbbnates.

8°¢Zn values varied significantly during Zn adsorptiomto different oxides, hydroxides and
oxy-hydroxides minerals as a function of pH (Fig®): 0.11 to 0.64%. onto F@s
(hematite), 0.14 to 0.24%. onto &) (corundum), 0.15 to 0.18%. onfsMnO; (pyrolusite),
0.12 to 0.20%0 onto Al(OH)(gibbsite), and -0.08 to -0.1%. onto FeOOH (goe)hwdere
adsorption on most mineral surfaces did not ex€e2%o (Pokrovsky et al., 2005). Similarly,
the adsorption of heavy Zn isotopes (0.58%0) ont@®H (ferrihydrite) minerals was
observed by Cacaly et al. (2004). pH dependentim& dependent adsorption of Zn onto
goethite and 2-Lines ferrihydrite and its isotofvaxctionation were further studied by (Juillot
et al., 2008) and (Balistrieri et al., 2008). Thliughter Zn isotopes tended to adsorb onto the
surface of hematite, corundum and ferrihydrite whleavier isotopes onto the surface of
goethite as the pH got higher. However, no sigaificeffect of pH was observed during
surface adsorption onto pyrolusite. The adsorptibZn isotopes onto the mineral surface
followed the equilibrium fractionation where theudipration time can be different based on
the types of minerals (Juillot et al., 2008). Itsyaostulated that adsorption reactions of Zn
onto oxy(hydr)oxide only contributed to a minor tegyto Zn isotope fractionation in natural
settings, and that co-precipitation and biologicgitake were the main fractionating
mechanisms (Pokrovsky et al., 2005).

The magnitudes of Zn isotopes fractionation betwagneous Zn species and metallic Zn
displayeds®®zn of 1.75%. in aqueous [Zn@d)s]>" complex, 2.2 to 2.9%. in aqueous [Zn-
SO complex, 1.28%. in aqueous [ZNfA.12H,O complex, and 2.4%. in aqueous
[Zn(H20)3(C3HsOH(COQO}%)] complex in equilibrium condition at 25°C (Blael al., 2011).
The molecular geometries of Zn complexes (hexaguotetrachloro Zn, sulfate Zn, citrate
Zn species) in various states of solvation, praionaand coordination changed the degree of
Zn partitioning and magnitude of its fractionati@iack et al., 2011). The Zn bound to humic
acid (PHA) was heavier than free Zn(0.24 + 0.06%.) at pH 6 and higher while no
measurable Zn isotopic fractionation occurred begbd6 (Jouvin et al., 2009). The effect of
pH on the adsorption of Zn to humic acid (PHA) dam explained by changes in Zn
speciation and complexation occurred mostly thraoiglding to high affinity sites (HAS) and
low affinity sites (LAS). The higher the pH, thegher in complexation constants and the
shorter bond lengths for Zn-PHA complexes compéaoetthe free ZA" (Jouvin et al., 2009).
Unlike any other processes, precipitation of Zn@dite) was strongly depleted in heavy
isotopes with &°°Zn of -0.52 + 0.08%o. as ZnO (Cacaly et al., 2004}iwilar enrichment of
heavy isotopes during the precipitation of Zn@@n be seen whet&®Zn ranged from 0.31
to 0.34%0 in ZnCQPichat et al., 2003). The detail values are giuerTable 3.5 under
supplementary data.
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Surface adsorption
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Figure 3.5. Heavy fractionation of Zn isotopes dgrsurface adsorption onto metal oxide and
oxy(hydr)oxide phases where the external reprodlitgiis + 0.05 to 0.08%. (The detail
values are given in Table S5 - Supplementary data).

3.5.Summary and conclusions

The current state of knowledge 8%Zn variations related to metallurgical activitiesdathe
possibility to use these variations to trace thepodfiution in the different environmental
compartments is illustrated in schematic diagrangufe 3.6. Zn isotopes fractionated
significantly from initial ores (0.16 + 0.2%0) tonfl refined Zn metal (0.22%.). The high-
temperature process involved during roasting aneltsmg of ores favors the Rayleigh
fractionation law which led to the enrichment gfliest Zn isotopes in air emissions (-0.66 to
0.21%0) whereas enrichment of heaviest isotopedagss(0.13 to 1.49%0) and in effluent
(0.41 to 0.51%0) occur. This distribution of lightdaheavy isotopes between emissions and
slags could also be contributed by the electramdagteps where the ore-concentrate from the
smelting steps were further leached and electreglatiowever, the extent of Zn isotopes
fractionation induced by individual processes (¢mgland electroplating) or a combination
of both processes is still unclear and undocumented

The distincts®®Zn signatures of each processing steps of Pb-Zitennenake it possible to

trace the source of Zn pollution in different eovimental compartments (air, water, soil,
plants) impacted by Zn and Pb metallurgical agasitFor instance, the heavy Zn signature in
groundwater (1.18 to 1.4%o) could be related to shepage from the slag dumps (0.13 to
1.49%o0), the advective or diffusive transport of ggawater from the contaminated soil at
smelting site (0.31 to 1.21 %o) or the direct diggleaof untreated effluent (0.41 to 0.51%o).
Similarly, the contaminated surface water (0.020168%0) could consequently lead to the
contamination of river bank soil (0.40 to 0.96%.)datver sediments (0.91%o). In addition,

the signatures of river sediments (0.91%o), resersediments (0.75 to 0.94%.), and lake
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sediments (0.07 to 0.39%o) could be further impattgdirect air emission from the smelter’s
plume (-0.66 to 0.21%o) or re-deposition of partatal matters (-0.02 to 0.07%0) depending on
the location of the pollutant receptors.

Significant Zn isotope variations have been obskmehe different soil profiles impacted by
smelters. The soil within 1 km radius show two idist signatures; -0.36 to -0.08%o. most
likely to be impacted by PM or direct air emissifvam smelters whereas 0.22 to 0.49%o
impacted by the deposition of particles from thegslwith heaviest signatures. Meanwhile,
the contaminated soil within >1 to 5 km radius skdvthe lightest signatures; -0.46 to -
0.06%0 suggesting air emission as source of contatinim

Providing the evidences on the water, soil anccaintaminated by the Pb-Zn smelters, it is
very likely that excessive uptake of Zn by plantsds, herbs or vegetations) and by aquatic
species (plankton, shrimps or fishes) could leatthé¢ocontamination in food chain. However,
there are no studies related to Zn isotopic sigeatin different biological samples impacted
by smelters.

Nevertheless, this review provides a frameworlké%&n variations and fractionation within
Pb-Zn smelters starting from ore signatures ugral Zn refined products, and in different
environmental compartments (air, water, soil) intpdconly by Zn and Pb metallurgical
activities, as well as fractionation processesfésar adsorption, precipitation, complexation).
By compiling the variations, and understanding pinecesses, Zn isotopes is best-fit as an
environmental tracer and to assess the impact tdlimegical industries.
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Figure 3.6. Schematic diagram depicting publishath @n Zn isotopic compositions related
to Zn and Pb metallurgical industries.

3.6.Perspectives

While conducting this review, the author came asr@dew obstacles and limitations which
might possibly serve as the bridge for further digweent in future research directions. The
limitation lies within the following context:

 The extent of Zn isotopes fractionation inducedimgividual process (roasting or
electroplating) or by a combination of both proessas shown in Figure 2, thus, it
opens more rooms for either field data collectiorexperimental simulation of such
processes;

» Several field studies related to environmental sssent of smelters had massive
information on concentration data, whereas, onfgwa studies focused on isotopic
data, thus, the authors would like to encouraggot@a step further in collecting more
isotopic data;
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» Similarly, there are almost no studies related toigbtopic signatures in different
biological samples impacted by smelters; thuslearty has more space for field data
collection of both concentration and isotopic databiological samples. Moreover,
the speciation of Zn as well as its bioavailabildgupled with concentration and
isotopic data will be an advantage as well;

» These adsorption studies onto inorganic minerakeh could be further extended to
more mineral phases such as clay; and the applicéboratory data on adsorption
studies (with oxides and oxy-hydroxides) in readlggical setting will be interesting;

 There is no study on Zn isotopic data during itecppitation as ZnC¢) ZnO,
predominant phases during oxidative environmentdy @ne study (Jouvin et al.,
2009) was documented here regarding Zn complexitiglwmic acid, thus, it will be
an advantage to study deeper into more complexathprecipitation mechanisms;
and

* In many geological settings, it is well-known thadil can accommodate different
species of micro-organisms and adsorption of Zno obacterial cell wall can
significantly affect the speciation and mobility ah. However, the involvement of
micro-organisms on the extent of Zn isotopic fragtition remains unclear and still
unknown.
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3.8.SUPPLEMENTARY DATA

Table S1. Zinc isotope variations in ores.

Ore formation 8°Znvc (%o) 2SD References
Initial hydrothermal fluid 0.0to +0.1 + 0.12%0 Wihson et al., 2005
ZnCQ; ores (n=77) -0.31to +1.34 * 0.07%o Pichat et2003
ZnS ores -0.43 to +1.33
Ore from Russia
Ores from Orlovka and Spokoinoe (n=46) -0.4t01.2 + 0.06%o Dolgopolova et al., 2006
Pure chalcopyrite (Zn+CuF@S -0.43 + 0.07%o
Pure sphalerite (Fe+zZnS) -0.03 + 0.07%: Mason et al., 2005
Ore from Europe
ZnS Spain (n=4) 0.09 to 0.25 + 0.04%q
ZnS Belgium (n=14) 0.07 t0 0.37 + 0.04%0 Sonke et al., 2008
ZnS France (n=2) 0.37 + 0.04%o
ZnS Finland (n=15) 0.10t0 0.5 + 0.07%o Weiss et2007
Zn-Pb ore Ireland (n=42) -0.17t01.33 +0.12%p Rivison et al., 2005
Ore from other parts of the world
ZnS Australia (n=6) 0.02t00.1 + 0.04%0

Sonke et al., 2008
ZnS Africa (n=32) -0.03t0 0.28 + 0.04%o
ZnS Alaska (n=36) 0.00to 1.14 + 0.06%q Kelley let 2009
PbS Australia (n=6) 0.12t0 0.25 + 0.04%d Sonkal 2008
Weathering of sphalerite ores 0.0 to 0.2%0 + 0.07%oFernandez and Borrok, 200

Table S2. Zinc isotope variations during smelting\aties.

Smelting processes 3°°Zn juc (%o) 2SD References
Zn smelters
Ore concentrate (calcine) 0.09 to 0.17 + 0.07%o elS#tial., 2010
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Refined Zn 0.22 1 0.06%o
Zn smelter effluent 0.41t00.51 + 0.08%o
Pb smelters
Pb mix feed 0.33 + 0.15%o
Shiel et al., 2010
Slag fuming plant 0.43 + 0.06%o
Slags
) o Couder et al., 2008 and
Pb-Zn refinery 0.37 t0 0.96 + 0.05%0 Juillot et al., 2011
Zn slags 0.18t0 1.49 + 0.04%0 Sivry et al., 2008_and Yin
et al., in preparation
Pb slags 0.13 + 0.08%o Yin et al., in preparatio
Weathering of slags
Zn slags at pH 4 0.91 + 0.06%0
Zn slags at pH 10 -0.19 + 0.06%o
Yin et al., 2013
Pb slags at pH 4 0.1 + 0.06%o
Pb slags at pH 10 -1.25 + 0.06%o
Air emissions
Zn ore grilling emission -0.07 + 0.06%o
Zn smelting -0.35t0-0.37 + 0.03%0
Mattielli et al., 2009
Pb ore grilling emission 0.05t00.21 + 0.05%0
Pb smelting -0.66 + 0.02%o

Table S3. Zinc isotope variations in fresh watedisents and riverbank soil.

Water bodies 8°°Znuc (%o) 2SD References
Groundwater 1.18t0 1.4 + 0.04%o Sivry et al., 200
Surface water 0.02 to 0.58

Stream water 0.02 to 0.46 + 0.07%o Borrok et2008
River water 0.07 t0 0.58 £ 0.04%o Chen dzteTéLZ,OzooSénd
River bank soil samples Sivry et al., 2008
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Riverbank soil upstream and downstreath40 to 0.48 + 0.04%o
confluence of wo poled rvers 07410096 | 004
River sediment (0-3 cm) 0.91 + 0.04%0 Sivry et 2008
Lake sediments (1 km away from
smelters)
Sediment collected10 cm 0.07 to 0.17 + 0.04%0
Sediment collected 10 to 20 cm 0.17 to 0.32 + 0.04%o Sonke etal., 2008
Sediment collected 20 to 40 cm 0.19t0 0.39 * 0.04%o
Sediment collected >50 cm 0.31 * 0.09%o
Reservoir sedimén
Reservoir sedimentl0 cm 0.75 + 0.05%0
Reservoir sediment 20 cm 1.25 + 0.04%o
Sivry et al., 2008
Reservoir sediment 40 cm 1.35 + 0.05%o
Reservoir sediment 60 cm 1.03 * 0.04%o
Reservoir sediment 100 cm 0.94 * 0.04%o
Lake sediment
Pre-smelter period ~1450 to 1900 0.39 + 0.09%0
i)guégng smelter operation period ~1900 t8.14 + 0.06% Thapalia et al., 2010
Egrsiéjn;?tgrn%sggble urban land use 0.0 + 0.10%

Table S4. Zinc isotope variations in smelter impddoil.

. Zn conc
66 o

Sail 072N yyc (%o) (mg/kg) 2SD References
Geogenic soil background (Norway)

10 cm 1.33 74 0.14

Weiss et al., 2007

15cm 1.39 56 0.18

30 cm 1.66 11 0.11
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50 cm 1.24 3 0.07
PM from Pb—Zn refineries
0.7 km radius 0.02 n.a 0.02
1 km radius 0.07 n.a 0.04 | Mattielli et al., 2009
3 km radius -0.02 n.a 0.06
5 km radius 0.02 n.a 0.05
Soil at Norway mining site
10 cm 0.4 87 0.18
20cm 0.73 77 0.24
Weiss et al., 2007
40 cm 0.78 46.8 0.07
50 cm 1.35 11.1 0.32
70 cm 1.04 10 0.14
Soil at Norway smelting site
10 cm 0.54 161.3 0.07
20 cm 0.97 74.3 0.26 | Weiss et al., 2007
40 cm 1.11 5 0.01
60 cm 1.21 5.3 0.09
Soil-next to French smelter
10 cm 0.76 1055 0.19
30 cm 0.75 415 0.19 | Juillot et al., 2011
50 cm 0.34 50 0.17
80 cm 0.31 45 0.18
Smelter-impacted soil (1 km radius)
10 cm -0.36 2084 0.08
Bigalke et al., 2010
25cm -0.16 153 0.08
33cm -0.08 97 0.08
Soil-away (1 km radius)
Juillot et al., 2011
10 cm 0.49 545 0.18
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25cm 0.49 568 0.18
60 cm 0.22 50 0.17
Smelter-impacted soil (3.8 km radius)
15cm -0.46 1324 0.08
Bigalke et al., 2010
30cm -0.19 99 0.08
42 cm -0.06 52 0.08
Smelter-impacted soil (5 km radius)
5cm -0.15 666 0.08 Bigalke et al., 2010
20cm -0.06 233 0.08

Table S5. Zinc isotope fractionation during somticomplexation and precipitation.

Oxides and oxyhydroxides 0%°ZN o1 soiid surface(%o) 2SD References
Hematite, FgO;
pH 5.5 0.64 + 0.05%o
Pokrovsky et al., 2005
pH 5.78 0.12 + 0.05%o
pH 6.31 0.11 + 0.05%o
Pyrolusite 8-MnO;
pH 6.06 0.18 + 0.05%o
Pokrovsky et al., 2005
pH 7.42 0.17 + 0.05%o
pH 8.34 0.15 + 0.05%o
Birnessite 5-MnO,.nH,0
pH 4.1 0.04 * 0.05%o
Pokrovsky et al., 2005
pH 4.97 0.04 + 0.05%o
pH 5.65 0.07 + 0.05%o
Corundum, AJOs
pH 6.87 0.24 + 0.05%0 | Pokrovsky et al., 2005
pH 7.55 0.14 + 0.05%o
Gibbsite, AI(OH} Pokrovsky et al., 2005
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pH 6.98 0.2 1 0.05%o
pH 7.25 0.12 + 0.05%o
Goethite, FeOOH
pH 5.28 -0.1 1 0.05%o
Pokrovsky et al., 2005
pH 5.65 0.01 + 0.05%o
pH 6.14 0.08 + 0.05%o
pH 7.5 0.15 1 0.07%o
Juillot et al., 2008
pH 8 0.19 + 0.07%o
No pH 0.15 +0.08%0 | Cacaly et al., 2004
2 line Ferrihydrite, FeOOH
pH 6.5 0.59 1 0.07%o
pH 7.5 0.16 +0.07%o | Juillot et al., 2008
pH 8.0 0.2 + 0.07%o
No pH 0.58 +0.08%0 | Cacaly et al., 2004

Complexation

66
0°"ZN in dissolved form(%o)

Agueous Zn complexes vs metallic Zn af
25°C

Aqueous [Zn(HO)g** complex 1.75

Aqueous [Zn-Sg] complex 2.2t02.9 Black et al., 2011
Aqueous [ZnCJ|*.12H,0 complex 1.28

Aqueous [Zn(HO)3(CzHsOH(COOY)] 24

complex

Humic acid (PHA) 0.24 £ 0.06 Jouvin et al., 2009
Precipitation

Zincite, ZnO -0.52 £+ 0.08 Cacaly et al., 2004
Zinc carbonate, ZnC9O 0.31t00.34 Pichat et al., 2003
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Chapter 4
4.1 Materials
4.1.1Slags

Lead blast furnace (LBF) and imperial smelting aoa (ISF) slags used in this study (Figure
4.1) were obtained from lead and zinc smelterstéatan the industrial basin of Nord-Pas-de-
Calais, northern France. Both slags are granulaieste where the size distribution is log
normal with a 50Qum dominant class and the particle size distributianes from 10Qum to

5 mm (Sobanska et al., 2000). However, the parside distribution of both LBF and ISF
used in this study varies from 1Qén to 2 mm with specific surface area of 0.08-0.0%h
LBF is mainly composed of amorphous glass with Ga&0Q-SiQ as end members (80% in
vIv), 19% of crystalline phases and 1% of metd#éad droplets whereas ISF contains higher
volume of amorphous glassy part (84% in v/v), 5 P6rgstalline phases, 10% of speiss and
1% of Pb droplets (Deneele, 2002). The global chamcompositions as well as the
composition of amorphous glassy matrix for both Ldafel ISF slags are given in Table 4.1.

Figure 4.1. Lead blast furnace (LBF) and impenméKing furnace (ISF) slags

Spinels are dominant part of crystalline phaseslwhre well embedded and scattered across
the glassy matrix of both LBF (19% in v/v) and 13%% in v/v). Magnesiochromite
(MgCr,0,), franklinite (ZnFeO,), magnetite (FéFe**,0,) are dominant spinels phases found
in LBF whereas zincochromite (Zngy,;), and gahnite (ZnAD,) are the ones found in ISF
slags where their respective chemical compositrergéven in Table 4.2.In addition to spinel
phases, some Fe rich speiss are found in ISF aksasesome silicate phases such as
hardystonite (C&nSkO;) and willemite (ZpSiO,) are found in both ISF and LBF where
detail chemical compositions are given in Table. 4J8like Zn, Pb is mainly present as
simple droplet form embedded in the glassy matfixath slags.
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Table 4.1. Chemical composition of global and glasatrix in LBF and ISF slags.

%wt Samples SiQ CaO FeO; FeO ALO; MgO MnO ZnO PbO

LBF 2488 2214 8.11 23.27 2.46 2.71 0.81 10.77 3.74
Global

ISF 2438 1855 0.39 31.11 10.03 1.81 1.04 8.75 1.66

LBF 26.38 2292 - 2650 2.54 1.91 0.84 11.16 4.30
Glass

ISF 25.68 2140 - 2497 9.98 1.80 0.84 8.27 0.22

Note: Global chemical composition obtained by atiigestion (HNQ-HCI-HF) except for Si by XRF, whereas glassy part
obtained by microprobe (Deneele, 2002)

Table 4.2. Chemical composition of primary spinel&BF and ISF slags.

Samples  Spinels (%owt) Si@ CaO FeO; FeO AlLO3 MnO MgO ZnO Cr,05

MgCr ;04 0.28 057 8.95 5.55 15.83 0.79 1246 9.90 44.56

LBF ZnFe,04 0.10 0.68 ©67.62 7.69 0.62 091 4.83 1579 1.66

Fe"'Fe’*,0, 0.05 0.13 45.45 17.29 7.60 0.74  1.99 12.72 13.59

ZnCr 0,4 0.03 0.24 312 11.52 1.96 227 0.97 18.14 61.13

ISF
ZnAl 04 0.08 0.13 3.93 6.59 50.72 0.19 3.19 31.08 4.03

Note: Chemical composition obtained by microprober(€ele, 2002)

Table 4.3. Chemical composition of silicates in L&#d ISF slags.

Silicates (% wt) Sio, CaO FeO ALO;3 MgO MnO Zn0O PbO
Ca,ZnSi,04 38.09 32.96 4.88 2.78 2.63 0.32 12.60 4.56
Zn,SiO, 29.86 0.00 1.16 0.03 0.23 10.77 63.99 0.04

Note: Chemical composition obtained by microprober(€ele, 2002)
4.1.2 Bacteria

The heterotrophic bacteriBseudomonas aeruginogaused as the main bacteria of interest
in this research due to its predominant presence iwide variety of environmental
compartments such as air, soil, sediments, sewtggeits ability to produce the organic
ligands known as siderophores, therefore, to sitawdail weathering condition of slags in the
presence bacteria and organic ligands and to futbenprehend the metal mobility and
behavior of slags. The strain number used in #search was CIP 105094, purchased from
Institut Pasteur, Paris.
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Figure 4.2Pseudomonas aerugingdanice Haney Carr, CDC, USA)
4.2.Zn isotopic techniques
4.2.1 Experimental

The chemical and bio/weathering of slags were cotedluin the 1ISO 8 or class 100,000 labs
where the preparation of trace metal and metalyaisalvere performed under ISO 6 or class
1,000 laminar flow hood. In the meanwhile, preparabf samples for isotopes analysis were
carried out under ISO 5 or class 100 the laminadhaside ISO 6 or class 1,000 cleanrooms
(salles blanches) at the Institut de Physique aib&Hte Paris (IPGP), Paris, France. The high
resolution multi-collector inductively coupled ptaa mass spectrometer (MC-ICP-MS)
Neptune and Neptune Plus (Thermo Finnigan, Germapy® housed in ISO 6 or class 1,000
labs.

4.2.2 Reagents and isotopic standards

Super pure grade nitric (HN) hydrochloric (HCI) and hydrofluoric (HF) acidsigghased
from Merck Inc. (Germany) were purified in-house $&yb-boiling distillation. Ultra-pure
water £18.2MQ cm), prepared by de-ionization of reverse osmasiter using a Milli-Q®
system (Millipore, USA), was used to prepare allusons. The entire lab wares were
successively cleaned by mildly boiling in either H&l or 5% or 15 N HN@depending on
type of lab wares followed by well-rinsing with idtpure water and drying under laminar
flow cabinet.

The in-house IPGP standards were prepared from IS8V 3168a for Zn and NIST SRM
3114 for Cu, purchased from SCP Science, Parig\cErdn parallel, international reference
materials used were JMC Lyon 3-0749L Zn, suppligd o Albaréde (Ecole Normale
Supérieure, Lyon, France), IRMM 3702 Zn, and NISRM 976 Cu, purchased from
respective agencies.
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4.2.3 Chromatographic column separation of Zn
4.2.3.1. Choice of column and resin

The columns used during chromatography were Pobybeoe (PP) tubes 4.3 cm in length
and 0.7 cm in internal diameter packed with reBin;Rad AG MP-1. Before the first use, the
columns were soaked cleaned~5% HNG; followed by rinsing with MilliQ water. The
cleaning process was repeated at least 10 timgzeteent the possible trace elements
contamination.

The macro-porous form (AG MP-1) of strongly basmoa exchange resins has higher
distribution coefficients for Cu(ll), Fe(lll) andrZll) in concentrated HCI than regular AG1.
The resin AG MP-1 (100-200 mesh, chloride form) enafl chips instead of beads is very
fragile and tends to compact with time (Marechahlet1999). Before the first use, the resin
was settled 10 times in water and the supernataoivh away in order to eliminate the finest
resin particles.

4.2.3.2. Column chemistry

The AG MP-1 resin consists of positively chargeggtgernary ammonium groups chemically
bound to styrene divinylbenzene copolymers. In EEitl, the active sites of the resin bind to
the anion Clthat can be reversibly exchanged with other claongplex anions. A solution of
Cu and Zn in HCI matrix produces predominantly teldorocomplex anions (Mgl and
MCI4%) where M stands for either Zn(ll). Exchanges betwéhese anions and the resin are
governed by the following reactions: 4.1 and 4.2.

Ka
R —Cl~ + MCl; SR —MCl; + CI~ (4.1)
K|
2(R — Cl7) + MCI2~ S2R —MCI2~ + 21~ (4.2)

whereK. andKpare equilibrium constants, R represents the asttes of the resin matrix.

The chlorocomplex species therefore partition betwdissolved and resin-bound forms as a
function of a distribution coefficient (4.3). The &lue also constrains the reagent volume
required for the elution of the element from thé&uomn to its maximum concentration (4.4).

Cr
Cs

D = (4.3)

D is distribution coefficient, Cis the concentration of resin-bound forms per gdmesin
(R-MCls& 2R-MCI5*) and G is the concentration of dissolved species per mkotution
(M?, MCI*, MCl,, MCl3, and MC}*) where D of Zn(ll) is higher than D of Cu(ll) ~t& 60

v= V(D +1) (4.4)
"1is the reagent volume (mL), V is the fraction ofume not occupied by resin (mL)
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Figure 4.3. Distribution of dissolved species for &s a function of different molarities of
HCI [Recalculated and redrawn based on Marechall €1999) and Borrok et al. (2007)].

Zn species formed in aqueous solutions of hydrathcid are (Zfi", ZnCI*, ZnCh, ZnCl,
and ZnC}*) through a series of reactions (4.5 to 4.8) whstadility constants taken from
(Marechal and Albarede, 2002).

n?t + - 8 zncit (B, = 1.6) (4.5)
In?* + 20~ & Zncl,(B, = 6.3) (4.6)
Zn? + 301" & ZnClz (B; = 12.69) 4.7)
Zn?* + 4c- & znciz-(8, = 7.9) (4.8)

Cations such as alkali metals and alkaline earttalsi\do not form chlorocomplexes with"Cl
therefore, pass through the resin without retapdatin 10 M HCI, Zn is mainly present as
ZnCl> (~76%), ZnC} (~23%), with lesser amount of ZnClin 5 M HCI, Zn is mainly
present as ZnGl (~38%), ZnC} (~38%), ZnCl (~16%) and ZnCl(8%). At 1 M HCI, Zn is
equally present as Zh) ZnCh and ZnCl with lesser but equal amount of ZgCZnCL?.
Thus, Zn is well retained even at 1 M HCI but iited easily when rinsing with MiliQ water.

4.2.3.3. Separation protocol

Acid digested samples and selected samples frormichkand bio/weathering experiments
were prepared for isotopic analysis based on thenaxchange chromatographic method
described in Borrok et al. (2007). The AG MP-1mesas precleaned using at least 10 washes
of HCI (~7 M) followed by several washes of HN(-5%) and purified water. The resin was
regenerated using 10 M HCI before being loaded dhe& columns. All samples were
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evaporated and re-dissolved in 1mL of 10 M HCI. Tealissolved sample was loaded into
the column by using an automated pipette. Aftedasedrop of the sample was totally eluted,
an additional 4 mL of 10 M HCI was loaded to remtive major cations (Ca, Si, Al, Mg, Mn)
present in the sample while retaining Zn insidert¢sn. Then, 6 mL of 5 M HCI were added
to the column to elute the Cu fraction, followedthg addition of 4 mL of 1 M HCI to elute
Fe from the column. At last, 4 mL of MilliQ wateras added to the column to elute Zn. The
final eluted fraction containing Zn was evaporaded redissolved in 2% HNOThis step is
repeated for at least 3 times to remove residu@id because chlorine is prone to producing
molecular species that may interfere with the ndmmass spectrum of Cu and Zn (Borrok et
al., 2007; Marechal et al., 1999). All additionsaaids were made in multiple steps (0.5 or 1
mL increments) in order to prevent re-suspensiorresin during column loading. This
separation process is summarized in Table 4.4.

Table 4.4. Protocols for Cu, Fe and Zn purificatiyranion-exchange.

Steps Acids Eluents
7 M HCI

Pre-washing of resin 5% HNG; 10 washes
MilliQ

After resin loading 3 mL MilliQ wash

Conditioning resin 4 mL 10 M HCI

Sample loading 1mL 10 M HCI
Acids Eluents
4 mL 10 M HCI Matrix

Loading & Elution 6 mL5 M HCI Cu, Co
4 mL 1M HCI Fe
4 mL MilliQ Zn, Cd

4.2.4Mass spectrometry

Zn isotopes were measured by using Neptune anduNe®lus HR-MC-ICP-MS (Thermo
Finnigan, Germany) at IPGP, Paris, France. Thedloiction interface consisted of standard
Ni cones, desolvating system, an ESI Teflon micebdizer operating at 106 min™, and a
CETAC ASX-100 auto sampler. The base-line calibratwas performed before every
analysis sessiorf*zn, °°zn, ®'zn, ®zn and°zn were simultaneously measured as well as
®2Ni signals were monitored to correct for the patgrisobaric®Ni interference oi*Zn. The
detailed parameters selected for Zn isotopes memsints as well as the configuration of
both Neptune and Neptune Plus within one particaftalytical session are summarized in
Table 4.5.
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Table 4.5. Operating conditions and collector agunfation used on the Neptune and Neptune

Plus.

Parameters Values
Skimmer and sampler cones Ni

Dry plasma APEX HF (ESI)
Heater temperature (°C) 100-140
Cooler temperature (°C) -3to +2
Flow rate (uL miff) 20 - 400
Inlet system

Cool gas (L miff) 15-16
Auxiliary gas (L mint) 0.8-1.0
Nebulizer gas (L mit) 0.9-1.0
Sample uptakeu( min™) 50-100
Torch positions

X (mm) 0.14

Y (mm) -2.90

Z (mm) -0.99

RF coil power (W) 1200
Zoom optics

Focus quad (V) 7.10
Dispersion (V) 0.50
Source lenses

Extraction (V) -2000
Focus (V) -625.0
X-deflection (V) 4.69
Y-deflection (V) -1.24
Shape (V) 206

Rot quad (V) 0.50
Source offset -3.00

Mass resolution

Low (300-500)

Cup configuration

Cup names Isotopes Distance (mm)
L4-F 2N 80.0

L3-F ®cu 59.4

L2-F ®4Zn 37.2

L1-F ®Ccu 17.8

C-F Zn 0.0

H1-F Zn 17.2

H2-F 7Zn 35.6

H3-F “Ga 59.2

H4-F Zn 82.6
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4.2.51sotopic analyses and data presentation

The magnitude of Zn stable-isotope fractionationssally expressed 8&n/f*zn, °'znf*zn,
®87n/f*zn with normalization to the most abundant fornzaf ®Zn (48.6%). All the samples
were measured in 0.5 N HNGOspiked with in-house IPGP Cu as internal stand@rdCu
ratio 1: 2). Standards such as JMC Lyon Zn and IREMVspiked with in-house IPGP Cu, as
well as SRM 976 Cu spiked with in-house IPGP Znenalso measured every 20 samples
during one analysis session. An analysis of onepkamomprised of 3 blocks of 15*10s
integrations.

The individual samples were bracketed by in-housedard (Zn & Cu) and isotopic data
were reported in relative to the Johnson Matthex ZUMC) Lyon as shown in Eq. (4.9).

8 °Znymc Lyon = {[(*ZnP*ZN)sampid C°ZnP*ZN)3mc Lyor]-1}*1000 (%o) (4.9)

As the variations of isotopic composition of enwvineental elements in nature are usually
small, it is expressed as the relative deviatioth weéspect to a standard reference, in either
parts per 10005] or parts per 10,0001).

4.2.6 Analytical quality and error evaluation

During the measurement of Cu and Zn isotopes réyobsIC-ICP-MS, there are two major
interferences: (1) spectral interferences (Masoralget2004a) and (2) non-spectral mass
discrimination effects (Mason et al., 2004b). SpEcinterferences can be resolved by
increasing mass resolution to (MM ~ 3000), however, increasing mass resolution
consequently decreases signal transmission leattingounding of peak shapes, thus,
compromising the high precision isotopic ratio meaments. Because of the very high-
precisions required to measure natural mass-deperstgopic anomalies of Cu and Zn, the
mass resolution are usually set at AMl ~ 300 to 500) and the spectral interferencesllysua
corrected by external mathematical calculationkewise, the non-spectral mass bias can be
corrected by simple bracketing correction methodr{@k et al., 2007; Thapalia et al., 2010)
as well as exponential law (Marechal et al., 1998son et al., 2004a).

4.2.6.1. Spectral interferences (isobaric correction)

Spectral interferences are mostly associated wimental isobars, major argides, trace
oxides and doubly-charged species are common thoaighe Cu—Zn mass range (Table
4.6). Spectral interferences are usually associaiéd either the plasma and nebulizer gas
used, matrix components in the solvent and sangileer analyte elements, or entrained
oxygen or nitrogen from the surrounding air (Thopn#302). The most abundant isotope for
Zn is at mass 64 where there is possible interéerdry®Ni. Thus, the voltage measured at
mass 64 is a total voltage contributed botlidyj and®*zn as shown in Eq. (4.10).

Total voltage at mass 64 = Voltage 64y; + Voltage 64, (4.10)
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The contribution of*Ni on ®¥Zn can be identified by measuring interference-fféé where
the correction ratio of“Ni/®Ni is applied. The ratio of*Ni/**Ni is the ratio of natural
abundances of these two isotopes (0.03635/0.00826)is always constant. Therefore, it
gave the following equations (4.11).

, 64,
Voltage 64y; (caicutateay = Voltage 62y; imeasureay * Ratio abundances ( N‘/62Ni)(4.11)

By rewriting Eq. (4.10), the true voltage ¥Zn can be calculated as follows:
Voltage 647y (measureay = Total voltage at mass 64 — Voltage 64y; caicuiateay (4.12)

Likewise, *®Ba’*, and'**Ba?* can be determined in order to correct the speirtratferences
of 1¥%Ba?*, 1¥Ba’*, **Ba®*, and™*Ba’" isotopes (with mass-to-charge ratios ranging ffn
to 68) on®>Cu, °Zn, ®’zn, and®®Zn. Other potential isobars (mostly molecular spesiuch as
2"Mg*°Ar on %“Zn) are mentioned, however, but not corrected (@Goet al., 2008; Juillot et
al., 2011).

Table 4.6. List of potential interfering speciesoss the mass ran§@mu to’’amu.

Mass Monoisotop Araides Oxides Double-charged Elemental
ic species 9 species species
2301 23, 461 12 + 12 +
620 ©Ni(359)  APNe (9.18) (7'\";‘8)““ (99.8)°TiO ( 442;?) 1(254;32); ((;’Tle)z Ipip (100)
31 471 12 +
63.0 Cu(69.2) APNe (99.6) 47?%&3:333’) Tio (7.28), 122;? ((%)?6%))'
24,
o “Zn(48.6), 2:12g8é78'7)' 2502 (94.6)°Ca0 (0.19),  2°Te?* (31.69), 2575 (90.3)
 ®Ni(0.91) (97.4) “8BTiO (73.6),TiOH (7.98)  #Xe** (1.91) :

ArM (9.96), w2511 (94.6)%°TIO (5.49),  1OTe* (33.8),1%Ke?

65, 12~13 3333,
65.0  ™Cu (30.8) g 1% C “TIOH (73.6) (4.10) 7B 011) S S (@14
*30, (4.19),%TiOH (5.49), 13y 62+ (26.9)
66.0 %zn(27.6) AfMg (11.0) °°TiO (5.39),°°CrO (4.34), 1322 (0 1'0)’ #2353 (8.0)
VO (0.24) '
¥CIO, (75.4),*'SOH (4.19), 1362+ (10.4)
67.0 °7Zn(4.10)  AF'AI(99.6)  °°TiOH (5.49),°°CrOH (4.34), 1352 (2 4'2)’
V0O (99.5),°VOH (0.24) :
Ar?8si (91.6),
68.0 Zn (18.8) Art?CO (98.3), *CIO,H (75.4),°°CrO (83.6), °Xe?* (8.90),"*Ba*"
' ' ArNYN *VOH (99.5) (7.85),°Cé* (0.19)
(98.9)
. 31CI0, (24.1),°°CrO (9.48),  ¥8Ba®* (71.7),"%%ce”
69 9 2 [} ] )
69.0 “Ga(60.1)  AF'SI(4.65)  sic,014(83.6) (0.25), 3% 2*(0.09)
0.0 %7n (0.60), Ar*si(3.09), *CIOH (24.1),**CrO (2.36), 190c@* (11.1) CrFCl
"~ Ge (20.50) Ar'*NO (99.0) *CrOH (9.48)>*FeO (5.79) : (57.4)
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4.2.6.2. Non-spectral mass bias correction (exponential law)

Instrumental mass bias on the Neptune is ~2.0 a8%h 2mu for Zn and Cu respectively
(Sonke et al., 2008). During one session of 24hw& drift in the mass bias is typically <1%o.
The instrumental mass bias is corrected with aeri@ Cu spike, thanks to the linear
relationship between the natural logarithm of meastfzn/*zn versus measurédCuf3cu
for all standards run during an analysis sessiohrn(&t al., 2007).

According to Marechal et al. (1999) and Mason ei{2004a), the exponential law assumes
that the fractionation of isotopic ratios betweealrvalues and measured values of one
particular element follows natural logarithm anah dse expressed as a function log of mass
differences (4.13).

B — ln(r/R)

- 1n(MZ/M1)

Where r is the measured ratio by mass spectromBtrig the true isotopic ratio of two
isotopes okxact masses: Mand M.

(4.13)

Take Cu, for an example, which is used as the sgikaing measurement of in-house IPGP
standard. The coefficient of fractionation betweeal and measured values for Cu can be
expressed as Eq. (4.14).

In TCu/
ﬂcuspike = &T&Sj (4.14)

Similar to Eqg. (4.14), the fractionation of coeiféint of Zn @) in the in-house standard can be
calculated as follows:

ln(rzn/RZn)
In(%%/4)

Based on Eq. (4.14 and 4.15), the slofleafd intercept () betweenp and 6 can be
calculated (Eg. 4.16) in order to identify the franation extent between Cu and Zn inside the
standard during mass spectrometry measurement.

07N gpice = (4.15)

0ZNspike = f(BCuSpike) + Yy, (4.16)

The coefficients of mass fractionation of Cu andi@side the standards are already known,
thanks to Eg. (4.14 and 4.15). However, only fa@tion coefficient of Cu is known inside
the samples. By using the values of the sldpearid intercept @ from Eq. (4.16), the
fractionation coefficient of Zn inside the sampbas be calculated as shown in Eq. (4.17).
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Hznsamples = I(Bcusamples) + Y, (4.17)
Where the values FCusamplesaNdPCuspikesare the same

Considering all the known fractionation coefficentf Cu and Zn both in the in-house
standards and samples, the real ratios of Zn inkEleamples can be calculated as Eq. (4.18).

TZn samples

(66/64)92n samples

RZn samples —

(4.18)

Further more, the reaction between analyte ancesgak be written as follows (4.19 to 4.22),
In("/g). = Beu 1n(65/63)Cu (Spike) (4.19)
In("/g), = 6zn In(®6/, 4, (Analyte) (4.20)

By Eq. (4.20) + Eq. (4.19)

1n(‘r/R)Zn — an 1n(66/64)2n

n("/p)., PBcu i In(%%/63) .y, 4-21)

By simplifying Eq. (9), the following equations cha driven.

InR,, =Inr,, — {ln(r/R)Cu * QLCZ s 12;;—232} (4.21)

Ryn = T (4.22)
(/RO 60) 1 (¥55) o 2P,

Similar calculations can be applied for other mdiZn isotopes such &&n/f“zn, °3zn/f*zn,
07nf*zn, *¥znf°zn, °'znfezn, etc.

4.3.Solid phase characterization techniques

X-ray Florescence (XRF), X-ray Diffraction (XRD)cé&nning Electron Microscopy (SEM)
with Energy Dispersive X-Ray Analysis (EDX), andamsmission Electron Microscopy
(TEM) analysis were used to characterize fresh @teted slags in order to give insights
regarding the mechanisms of alteration, surfacephwogy of slags and the formation of
secondary mineral phases.

Page | 93



CHAPTER 4

4.3.1XRF
4.3.1.1. Sample preparation

Both LBF and ISF slags (>2mm in size) were grounidéal powder (<1um) at 4500 rpm for
3 mins by PANalytical MiniMill 2 where stainlessest grinding bowl and grinding balls were
used which are dedicated for grinding hard and Inetamples. In order to prevent cross
contamination between LBF and ISF samples, softeenals like soil was used and grinded
in the same procedure to desorb the possible atiaoie metallic particles on the wall of the
grinding bowl as well as the grinding balls. Thémey were washed with soap followed by
milliQ water, before the next sample was grindelde Wax powder (€H3s02N2) was added
into powder slag samples in order to strengthenbthding force between particles, in 1:4
wax to sample ratios, and further prepared inteep€dmm(]) by manual laboratory press.

4.3.1.2. XRF measurement

The measurements were carried out at UniversitPars-Diderot by using PANalytical-
Epsilon 3XL equipped with energy dispersive XRF ctpmmeters, 15 kWSilver tube.
'‘Omnian’ calibration method containing a seriesgeb-standard samples and synthetic
standards along with the recursive calculation wsesl to estimate the elemental composition
of the samples. This calibration method has an rstdge to overcome the defect caused by
the matrix such as absorption of emission line theoneighbor atoms, emitting secondary
rays, thus, giving the nearest approximation durgu@ntification of elemental sample
compositions.

4.3.2XRD

Sample preparation for XRD was done in the sameqaiares as XRF except the part of
adding binding agent, wax. XRD analyses were peréar at University of Paris-Diderot by
using a Panalytical X'Pert Pro MPD diffractometguigpped with a multichannel X'celerator
detector, and using CyK; radiation from 5° to 80° 2-theta range at a rdit@. ©3°2/min.

4.3.3SEM-EDS
4.3.3.1. Sample preparation

The wet and altered slag samples at the end ofichéand bio/weathering experiments were
lyophilized by Christ Alpha 1-4 LD Freeze Dryer @ndensing temperature of -55°C and
pressure ranging between 0.024-0.035 mbar for 42Thre freeze-dried grain samples were
then mounted onto sticky carbon disc (10 mjrand stored for SEM measurement.

Polished sections (60 x 20 Mnwere prepared where slags were only located erufiper

face of the sections and occupied 40900 mnf). During the polished section preparation,
contact with water was reduced to a minimum to @vamny early alteration of the most
reactive phases like the Pb droplets. The diffepetishing steps consist of a first lapping and
successive polishing using essentially diamondepast alcohol-based lubricant liquid was
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used to avoid contact with water. After each step gections were immediately dried with
alcohol.

4.3.3.2. SEM measurement

SEM-EDS analysis was performed at University ofid?Biderot using Philips XL 30
equipped with an energy dispersive X-ray spectrem@DX-PGT Ge-detector) operating at
20 kV beam voltage and 1@\ beam current.

4.3.4TEM
4.3.4.1. Sample preparation

The freeze-dried samples were further grinded irN&gtical MiniMill 2, as previously
mentioned before. In order to re-suspense the sacpmphases deposited on the altered slag
surfaces, MilliQ, and absolute ethanol (Sigma-Alldjiwas added to the freeze-dried powder
samples as well as grain samples. The samples thereput in the ultrasonic bath, and
sonicated at 30-60 kHz for 1 min in order to loogerticles adhering to surfaces. The
supernatant was recovered, allocated on the TEWY) dried under the clean hood at ambient
temperature, and stored for analysis.

4.3.4.2. TEM measurement

TEM analysis was performed at University of Pieté/arie Curie using Jeol 210@fectron
microscope operating at 200 kV and equipped withitia high-resolution UHR pole piece
and a Gatan GIF 200 L imaging filter.

4.4 Experimental designs

The experiment designs related to three main rekleghases such as Phase |
(characterization), Phase 1l (chemical dissolutioahd Phase Il (Bio/weathering) as
mentioned in Chapter 1 are further detailed here.

4.4.11 eaching potential assessment (under Phase 1)

Standardized leaching protocols known as Europearmn(EN 12457) and Toxicity
Characteristic Leaching Procedure (TCLP) was usedstess the hazardous properties of
slags with respect to regulatory levels. The coonld for each test are detailed in Table 4.7.

European norm (EN 12457-2& mass of 20 g of solid was placed into the reaatml 200 ml

of MilliQ + deionized water (original pH 5.75) wasdded in order to maintain a L/S
(liquid/solid) ratio of 10. The leaching test isrfeemed at 22+3°C for 24 h, and the reactors
were gently agitated at 10 rpm.

Toxicity Characteristic Leaching Procedure (TCLRAhe leaching solution was prepared by
addition of 5.7 mL of acetic acid (reagent gradesrék, Germany) to 500 mL of deionised
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water (MilliQ + deionized water), supplementary @idth of 64.3 mL of 1M NaOH (reagent
grade, Merck, Germany) and dilution to 1 L. TheafipH of the leaching solution was 4.90.
An amount of 10 g is placed in the reactor and @2Q0of leaching solution is added in order
to achieve an L/S ratio of 20. The experiment wasdacted for 18 h at 22+3°C, and the
reactors were agitated at 30 rpm.

Table 4.7. Detail experimental conditions for TCafd EN-12457.

Test Toxicity characteristic leaching procedure European Norm leaching tests (EN
(TCLP) 12457)

Leaching reagent ?Z mL of acetic acid + 64.3 mL. of 1M NaOH inMiIIiQ + deionized water

pH 4.9 5.75

L/S 20 (sample of 10 g in 200 mL) 10 (20 g in 200)m

Temperature 22+3°C 22+3°C

Agitation 30 rpm 10 rpm

Retention time 18 hr or over night 24 hr

Filtration 0.6-0.8 um 0.45 pum

Analysis Supernatant and elemental analysis

4.4.2 Acid digestion (under Phase I)

Both LBF and ISF slags along with the Geo-standaederial were acid-digested for bulk

chemical analysis. Two different acid digestion qaaures are proposed according to the
recommendation of Ettler et al. (2009) in the folilog; however, there can be modifications
to the procedures based on the nature of the sample

Acid digestion procedure A mass of 0.5 g was dissolved in a mixture of 10 Kk (38%)
and 2 mL HCIQ (70%) and was evaporated to near dryness. Theegdwe was repeated and
the residue will be dissolved in 2% HNQ//v), diluted to 100 mL and stored in Teflon vial
until analysis.

Acid digestion procedure 110.2 g of sample with 0.6 g MaO; and 0.05 g NaN©
overlapped with a thin layer of supplementary@Gi@; in a Pt crucible at 750-820°C for 3 h.
Then it was dissolved in a mixture of 10 mkGHand 8 mL HCI (37%) at 90°C. Likewise, the
addition of acid was continued, the residue wasalved in 2% HNQ@ (v/v), diluted to 100
mL and stored in Teflon vial until analysis.

4.4.3 Chemical dissolution of slags (under Phase II)

As the main goal of Phase Il was to identify themical dissolution of metals, the key
parameters such as pHp @r oxidation, CQ for the carbonation effects both on metals
leaching and carbonate precipitates were consid@fagire 4.4). pkla: with a complete

automatic and continuous titration system (TitrelWpha plus TL 7000) was used to conduct
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the kinetic dissolution experiment where the degaipberimental conditions are outlined in
Table 4.8.

First of all, the liquid to solid ratio (L/S) wa®tsat 20 and the temperature2at2°C for
throughout all experiments. Both LBF and ISF slagse sterilized to ensure that the metal
dissolution was mainly due to chemical parameteass by the influence of other micro-
organisms. The pH values were predefined at 4,75.8,5 and 10 where the set values were
based on the preliminary test with bacteria andsslahere the values range from 4 to 10.
Electrolyte was used in the same ionic strengtthefbacteria growth medium to be used in
Phase Ill. All kinetic dissolution tests at diffatgopH and leaching media were carried out at
two different atmospheres; in normal atmospherd \thie presence of oxygen and carbon
dioxide and in nitrogen control atmosphere to idgnihe oxidation and carbonation effects.

Furthermore, sampling was done at 0, 6, 12, 2472896, 120, 144, 168, 192, 216 hr for a
total length of 9 days of operation time. The ledehof 8 mL in volume was sampled
periodically, and replaced by electrolyte. Samphves done by means of a syringe attached
to a flexible tube without interrupting shaking tvoid discontinuity of experimental
conditions. Then it was filtered through 0.20 pmil(jipbre®), acidified by 2% HNQ@ and
stored for further analysis. The inductively cowplglasma optical emission spectrometry
(ICP-OES) was used to determine the elements efdast such as Ca, Fe, Mn, Al, Si, Zn, Pb
and Mg in the leachate. Likewise, the solid resgdwes freeze-dried and stored to study the
secondary precipitates or surface morphology wigbDXxand SEM-EDS.

COyq) Oz

\_ﬂ/\/\/\/

COg(aq) +tH20=H,CO3= H*+HCOs
1

8o . Carbonate precipitate Cosz_ +H* iy
o Vi 2\ =
g A F
17| =, v Y
TN N TG TN TN e
(a2t (Ph2t. 712+ (Ca?*: IPB2 (702
455 'Sa/.’ \?E./ \Z.r:/ N Po7 2
1+ | OO0 OO0

. Fixed conditions: L/S-20 &
" temperature at 22+2 °C

LBF Vs ISF " Electrolyte

0,6, 12, 24, 48, 72, 96, 120, 144, 168, 192, 216 hr

Figure 4.4. Chemical dissolution of slags correlgtio pH and carbonation.
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Table 4.8. Experimental conditions for chemicakdlstion.

Leaching .
pH LBF ISF Atmosphere medium Sampling frequency
0,& 0, 6,12,24,48,72,96, 120, 144,
4 55 7 85 10 <2mm CO, N, Electrolyte 168, 192, 216 hr
5 sets 2 sets 2 conditions 1 medium 3§yssfilmpllng frequency in 1 set (9

Fixed conditions: L/S-20 and temperature at 22+3 °C

20 sets of Experiment
Sample volume 8 mL (not more than10% of total vayim

4.4.4 Biological weathering of slags (under Phase lll)

The main goal of Phase Ill was to simulate thevbeathering conditions of slags with the
presence of heterotrophic bacterRseudomonas aeruginosand to study the impact of
metabolic activity on the alteration of slags whtre bacteria deprive the essential nutrients
within the slags such as iron, calcium and magmesilwring the metabolic growth. The
overall research idea was depicted in Figure 4cbthe detailed experimental conditions were
given in Table 4.9.

Phase lll: Bioweathering of slags }
Continuous weathering test l

COxg)* Oag)

ﬂ i+ Metal dissolution (Ca, Fe, Mg, Mn, Si, Al, Pb, Zn)
Growth media _—~1" i Isotopic fractionation (Zn)

P N e e e e e o — —  — — — — — — — — — — — —————_——_—_——_—_—_——_——

L = \
1058
( Z o o™ )

pae™s 7 o | |

= J—— il‘? Effects of siderophores on metals leaching \i

2\, ’:!:e2+\‘ i‘? Complexation with organic ligands i

1+ Adsorption of metals on surface i

Free - \2;\’ i\é Uptake of metals inside cell i

Siderophores "~ Pb2+ -------------------------------------------- !
(\Mg”\; Sag B \\ani; Surface morphology
—> <+ Secondary phases precipitation i
OOO@#/ i\~:~ Isotopic fractionation (Zn) i

Horizontal shaker T

Figure 4.5. Ideal conceptual framework for bio-vieaing of slags.
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4.4.4.1. Bio/weathering of slags under leachate stagnant cditions (Test 1)

Three different experimental conditions were iniggdged: ultrapure water (UPW), sterile
growth media (GM) and growth media with bacteriaM®B). The standard succinate
medium was used because it was known to permitsymhesis of greater amounts of
siderophores for Pseudomonas species (Rachid amdedh2005), but also allows to
guantitatively determine the amounts of major elemeolubilized during alteration studies
(Aouad et al., 2005). One liter of growth medium dified from Aouad et al., (2008)
contained 1) 4 g of succinic acid#@sO,4 2) 1 g of Ammonium sulfate-(Nbhb.SQ, 3) 0.2 g of
Sodium phosphate dibasic-MPO, 4) 6 g of TRIS buffer-¢gH;3:NOs. Finally, the medium
was adjusted to pH 7.8 using NaOH. In parallel ititib experiments, abiotic experiments
were performed in both UPW and sterile GM. The expents were duplicated and were
conducted in acid-washed polycarbonate bottles fiame horizon of 4 to 8 months. 2.5 g of
crushed slag sample (about 2 mm diameter size) plaeed in 75 mL of each leaching
solution to obtain a L/S ratio of 30. Reactors welaced at room temperature (22+2°C) on
horizontal shakers (at 100 rpm). 5 mL of leachageewperiodically sampled, and replaced by
an equivalent quantity of corresponding leachinglioma to maintain the L/S ratio constant.

4.4.4.2. Bio/weathering of slags under leachate renewal coittbns (Test 2)

Three parallel weathering experiments were cawigdin duplicate, for 140 days at 23+2°C:
i) in ultrapure water (UPW), ii) in a sterile mediu(abiotic) and iii) in the presence of
Pseudomonas aeruginogliotic). The growth media composition was the sas that under
Test 1 as mentioned above. The experiment was riEbign a way that allowed the
successive cycles of bacterial growth with the fation of a biofilm and a possible alteration
layer at the surface of the materials (Aouad et24l06; Aouad et al., 2005). 2.5 g of slag
grains (2 mm diameter size) were placed in a 150paicarbonate flask filled with 75 mL
of the three different media and were agitated 0t dom. Every 7 days, the reactor was
transferred into a new flask containing 75 mL ofvmaedium, thus starting a new cycle. The
solid samples were collected at the end of eacle @ywl were stored for further analysis.

4.4.4.3. Acid digestion of biological samples

The samples from all the biological experimentsewvacid digested by addition of 2 mL
HNO; (68%), followed by 2 mL HCI (38%), then by 4 mL BEO, (30%), 1 mL HCIQ
(70%) and finally by 1 mL of HF (38%). The addit®of nitric and hydrochloric acids were
to digest organic part of the samples (bacteri#s,celderophores, etc) without aggressive
degassing during the initial digestion step, whigre additions of hydrogen peroxide and
perchloric acids were to achieve the complete rexhoivorganic part. The addition of fluoric
acid was to eliminate Si from the sample matrixistipreventing solidification of samples by
Si-gel formation. When the digestion was completed,samples were evaporated to dryness
and re-dissolved in 2% HNCv/v) where the equivalent acid to initial samptdumes was
added. The samples were then stored at 4°C fdrduanalysis.

Page | 99



CHAPTER 4

Table 4.9. Experimental conditions for biologicasblution.

Bio/weathering tests Test1 Test 2
Materials P. aeruginosa slags P. aeruginosa slags
Shaking speed (rpm) 100 100
Temperature (°C) 23+2 2312
Duration (days) 240 140
4 g of succinic acid-§HgO, 4 g of succinic acid-150,

1 g of Ammonium sulfate-(N},.SO, 1 g of Ammonium sulfate-(NpPb.SO,

Growth media

compositions 1 g of Sodium phosphate dibasic- 1 g of Sodium phosphate dibasic-
Na,HPO, Na,HPO,
6 g of TRIS buffer-GH,;;NO; 6 g of TRIS buffer-GH;;NO3
Ultra pure water (UPW) + slags Ultra pure water YWP+ slags

Experimental

. Sterilized growth medium + slags Sterilized growtbdium + slags
conditions

Growth medium +P. aeruginosa+ slags Growth medium +P. aeruginosa+ slags

Daily (1st week), Per 3 days (1st month),

Sampling intervals then Per 2 weeks

4.5.Thermodynamic modeling by Visual Minteq

The chemical equilibrium code Visual MINTEQ v3.0 svased to calculate the saturation
indexes and to identify the possible phases cdmgol solubility. The elemental
concentrations measured from the different leachimgdia were input into the model.
Besides, the temperature was kept constant at 2b&@versaturated solids were not allowed
to precipitate, and the GQartial pressure fixed at 396 ppmv. The model wistfrom UPW
and GM were used to study the influence of carbonand the effect of the growth medium
composition. Likewise, the model outputs from GMI &M+B media were used to study the
effect of bacteria on the metal speciation.

4.6.Inductively coupled plasma optical emission spectraetry (ICP-OES)

Total concentrations of major elements (Ca, Fe,Z8i, Pb and Mg), as well as minor
elements (As, Ba, Cd, Cr, Cu, Mo, Na, Ni) were miead in the leachate by Inductively
Coupled Plasma Optical Emission Spectrometry (IESOPerkin Elmer Optima 6300). The
detection limit was typically 5-10 ppb for most mlents and the external precision of £5%.
Quality assurance and quality control (QA/QC) saaplaboratory blanks, calibration check,
and sample duplicates were performed to ensurdataequality and validity.
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Chapter 5

5.1.Introduction

Metallurgical slags were considered to be chemjcalért in the 1980s because metals are
associated with glass and silicate; however, macgnt studies have pointed out that the
leaching from slag dumping sites have deleteridtects on the environment and led to the
contamination of soils, sediments, and streams &poet al., 2009; Ettler et al., 2005a;
Seignez et al., 2008). Several literature repoagehbeen focused on quantifying pollutant
mobility resulting from the leaching of metallurglcslags either in batch (Ettler et al., 2002;
Ettler et al., 2003a; van Hullebusch et al., inspreYin et al., 2014) or in open flow
experiments (Seignez et al., 2006), in order toa@pmate their fate under landfill conditions
(Mahé-Le Carlier et al., 2000) and in soils or digé environments (Ettler et al., 2004;
Sobanska et al., 2000).

When slags are subjected to weathering and leachivegrelease of major elements and
metals is controlled by mineralogical phases preesethe slags (Piatak et al., 2014; Piatak et
al., 2004), and affected by changes in the pH @ssacwith dissolution/precipitation of a
number of solid phases (Vitkova et al., 2013). Phestat leaching tests have been widely
applied for the evaluation of fly ash from munidigalid waste incinerator (Quina et al.,
2009), contaminated soils and sediments (Cappuym$ Swennen, 2008), in many
environmental samples (Rigol et al., 2009), anadséary lead smelter fly ash (Vitkova et al.,
2009). However, only a few studies have appliedspiileaching tests on metallurgical slags
such as arsenic metallurgical slags (Ganne eR@D6) and primary lead smelting slags (de
Andrade Lima and Bernardez, 2013).

Thus, this paper focused on the pH-stat leachinggad blast furnace (LBF) and imperial
smelting furnace (ISF) slags and further addresded chemical stability and leaching
behaviors of these slags as a function of liquilk iptH. The objectives of this study were (i)
to investigate the leaching behavior of both slags function of pH (from 4 to 10), (ii) to
evaluate the effect of short term leaching (1 dag/)far-from equilibrium condition, (iii) to
evaluate the effect of long term leaching (9 dagshear-equilibrium condition, (iv) to couple
with the geochemical model to identify possible cgigon-solubility controlling phases and
(v) to study the newly formed secondary phases a#f as changes in slag surface
morphology when subjected to weathering.

5.2.Material and Methods
5.2.11 ead blast furnace (LBF) and imperial smelting furnace (ISF) slags

Lead blast furnace (LBF) and imperial smelting &ga (ISF) slags used in this study were
obtained from lead and zinc smelters located initldkistrial basin of Nord-Pas-de-Calais,
northern France. Both slags are granulated washkesewthe size distribution is log normal
with a 500um dominant class and the particle size distributianes from 10Qum to 5 mm
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(Sobanska et al., 2000). However, the particle dig&gibution of both LBF and ISF used in
this study varies from 10@m to 2 mm with specific surface area of 0.08-0.0%h LBF is
mainly composed of amorphous glass with CaO-FeQ-8®end members (80% in v/v),
19% of crystalline phases and 1% of metallic leaoplkts whereas ISF contains higher
volume of amorphous glassy part (84% in v/v), 5 P6rgstalline phases, 10% of speiss and
1% of Pb droplets (Deneele, 2002). The global chamcompositions as well as the
composition of amorphous glassy matrix for both Lafel ISF slags are given in Table 5.1.

Table 5.1. Chemical composition of global and glasatrix in LBF and ISF slags.

%wt Samples SiQ CaO FeO; FeO ALO; MgO MnO  ZnO PbO

LBF 2488 22.14 8.11 23.27 2.46 2.71 0.81 10.77 3.74
Global

ISF 2438 1855 0.39 31.11 10.03 1.81 1.04 8.75 1.66

LBF 26.38 2292 - 2650 2.54 1.91 0.84 11.16 4.30
Glass

ISF 25.68 21.40 - 2497 9.98 1.80 0.84 8.27 0.22

Note: Global chemical composition obtained by atigestion (HNQ-HCI-HF) except for Si by XRF, whereas
glassy part obtained by microprobe (Deneele, 2002)

Spinels are dominant part of crystalline phaseslwhre well embedded and scattered across
the glassy matrix of both LBF (19% in v/v) and 13%% in v/v). Magnesiochromite
(MgCr,0,), franklinite (ZnFeO,), magnetite (FéFe**,0,) are dominant spinels phases found
in LBF whereas zincochromite (Zrngy), and gahnite (ZnAD,) are the ones found in ISF
slags where their respective chemical compositiergaven in Table 5.2.

Table 5.2. Chemical composition of primary spinel&BF and ISF slags.

Samples  Spinels (%owt) Si@ CaO FeO; FeO AlLO3 MnO MgO ZnO Cr,05
MgCr ;04 0.28 057 8.95 5.55 15.83 0.79 1246 9.90 44.56

LBF ZnFe,0, 0.10 0.68 67.62 7.69 0.62 091 483 15.79 1.66
Fe*Fe*,0, 0.05 0.13 45.45 17.29 7.60 0.74 1.99 12.72 13.59
ZnCr,0, 0.03 024 3.12 11.52 1.96 227 097 18.14 61.13

= ZnAl 0, 0.08 0.13 3.93 6.59 50.72 0.19 3.19 31.08 4.03

Note: Chemical composition obtained by microprobalygsis (Deneele, 2002)

In addition to spinel phases, some Fe rich speisdaund in ISF as well as some silicate
phases such as hardystonite LZLe&L0;) and willemite (ZaSiO,) are found in both ISF and
LBF where detail chemical compositions are giveriTable 5.3. Unlike Zn, Pb is mainly
present as simple droplet form embedded in thesglamatrix of both slags.
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Table 5.3. Chemical composition of silicates in L&#d ISF slags.

Silicates (% wt) Sio, CaO FeO ALO; MgO MnO Zn0O PbO
Ca,ZnSi,0; 38.09 32.96 4.88 2.78 2.63 0.32 12.60 4.56
Zn,Si0O, 29.86 0.00 1.16 0.03 0.23 10.77 63.99 0.04

Note: Chemical composition obtained by microprobalysis (Deneele, 2002)
5.2.2 pH dependent chemical weathering test

The chemical weathering of LBF and ISF slags asnation of pH was conducted according
to CEN/TS 14997 (2006) with slight modificationsw@ set of experiments under open air
and nitrogen atmospheres were performed in dupliaafixed pH values (4, 5.5, 7, 8.5 and
10) with different equilibration times (1 day andl@ys) in order to identify the effect of pHs,
short and long equilibration times, as well as ¢fiect of atmospheres. The experiments
were performed in 0.1 M NaNQOelectrolyte where the liquid to solid ratio (L/S)as
maintained at 20, the temperature and mixing spee set to 23 + 2°C and 100 rpm,
respectively. The pH was controlled by adding eitHslO; or NaOH via a computer guided
titration system (TitroLine® 6000). The leachateswaeriodically sampled, filtered through
0.20 um polypropylene filters and prepared for furthemlgmis. The short-term leaching
under both atmospheres allowed to assess theofardquilibrium leaching condition where
dissolution kinetics are the main driven force behihe release of metals from the slag. On
the other hand, the long-term leaching under bathospheres allowed assessing the near-
equilibrium leaching condition where precipitatiohsecondary phases occurs.

5.2.3Leachate chemistry and geochemical modeling

The leachates were periodically sampled, filtef@dugh 0.20um polypropylene filters and
prepared for further analysis. The inductively dedpplasma optical emission spectrometry
ICP-OES) (iICAPM 6000 series) was used to determine the concemtrafi the following
elements; Ca, Fe, Si, Zn and Pb. In parallel, teeynamic model Visual MINTEQ v3.0 was
used to assess the species distribution of all eégnto calculate the saturation indices of
possible secondary precipitates and to give ingigharding the possible phases controlling
the solubility of each element. The temperature kegst constant at 25°C, the oversaturated
solids were not allowed to precipitate, and the, @@rtial pressure was fixed at 396 ppmv.

5.2.4 Calculation of leaching behavior and rates

Qee was calculated by normalizing to the specific aasawell as initial amount of that
element present in bulk slags, shown in Eq. (5.1).

@sie = [5G0 G2 e/ ) ) Eq. (5.1)
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Where Qe is the normalized leaching concentration of elenremol.ni?, where [Ele] is the
leachate concentration in ppm or mg, IAW is the standard atomic weight of the elem¥ht,
is the total liquid volume of the reactor in1Q (mL equivalent) whereas W is the solid
weight of the bulk samples in g, SA is the spedificface area in frg*. By considering the
effect of time, T in days, the leaching rate, log &n be calculated as follow:

log Rge = log [{%} * (%) * (SAl*T)]Leachate Eqg. (5.2)

The stoichiometry of the leachate can be calculasefbliows:

StOiEle/Si = Qnorm Ele/Qnorm Si (leachate) Eq- (5-3)

Where Staiesi is the stoichiometry ratio of normalized the elain&oncentration to
normalized Si concentration, wherg. ek or sican be calculated by Eq. (5.1).

5.2.5.So0lid phase characterization

X-ray Diffraction (XRD), Scanning Electron Microgey (SEM) with Energy Dispersive X-
Ray Analysis (EDS), and Transmission Electron Mscapy (TEM) analysis were used to
characterize fresh and altered slags in order ¥e msights regarding the mechanisms of
alteration, surface morphology of slags and then&dion of secondary mineral phases. XRD
analyses were performed at University of Paris-Ritléy using a Panalytical X'Pert Pro
MPD diffractometer equipped with a multichannel erator detector, and using CuK
radiation from 5° to 80° 2-theta range at a rate0df3°d/min. SEM-EDS analysis was
performed at University of Paris-Diderot using Risl XL 30 equipped with an energy
dispersive X-ray spectrometer (EDX-PGT Ge-deteawpgrating at 20 kV beam voltage and
1.5 uA beam current. Finally, TEM analysis was perforna¢dUniversity of Pierre et Marie
Curie using Jeol 2100&lectron microscope operating at 200 kV and equippigh a high-
resolution UHR pole piece and a Gatan GIF 200 Lgimgfilter.

5.3.Results
5.3.1Leaching behavior of LBF and ISF as a function of pl under open air atmosphere

Leaching of major elements (Ca, Fe, Si, Zn andfRIin) LBF and ISF slags can be observed
as a function of pH as well as leaching time: skemin leaching (1 day) and long-term

leaching (9 days). Figure 5.1 illustrates the défe¢ leaching patterns of major elements
during pH-dependent leaching of LBF slag. All eleise(Ca, Fe, Zn, Mg except Si and Pb)
were found to be relatively dependent on the pHre/lhéghest concentrations can be found at
pH 4 and a sharp decrease or lowest concentratdmgher pH values.

During short-term leaching, the highest concerdretiobserved at pH 4 were %8.0° M of
Ca, 2.7x 10° M of Fe, 4.9x 10* M of Mg, 4.2x 10° M of Si, 1.2x 10° M of Pb, and 2.k
10° M of Zn whereas, the lowest concentrations obskeatepH 10 were 1. 10* M of Ca,
3.2x 10° M of Mg, 7.1x 10° M of Si, 2.5x 10° M of Pb, and 5.% 10 M of Zn, per liter of
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leachate respectively. During long-term leachiing, toncentrations observed at pH 4 were
1.0x 10% M of Ca, 4.0x 10° M of Fe, 6.9x 10° M of Mg, 3.4x 10° M of Si, 4.4x 10* M of

Pb, and 3.0 10° M of Zn as well as those at pH 10 were 8.20° M of Ca, 7.7x 10° M of
Mg, 4.9x 10* M of Si, 8.5x 10° M of Pb, and 1. 10° M of Zn per liter of leachate. The
concentrations of all elements were higher aftdags of leaching time compared to initial 1
day of leaching time except for Si at pH 4, wherdss concentration of all elements are
lower after 9 days at pH 10.

Figure 5.2 shows the different leaching patternsmafior elements during pH-dependent
leaching of ISF slag. The highest concentrationsevieund at pH 4 for all elements whereas
the leaching patterns were different for all eletaeat higher pH values. During short-term
leaching, the highest concentrations observed af ptére 2.8x 10° M of Ca, 2.5x 10° M

of Fe, 1.8x 10* M of Mg, 2.2x 10° M of Si, 4.7x 10° M of Pb, and 7. 10* M of Zn
whereas the lowest concentrations observed at piet® 3.6x 10° M of Ca, 1.1x 10° M of
Mg, 6.3x 10° M of Si, 1.1x 10° M of Pb and 2.6« 10° M of Zn respectively. During long-
term leaching, the concentrations observed at ptére 9.0x 10° M of Ca, 9.3x 10° M of
Fe, 6.2x 10* M of Mg, 4.9x 10° M of Si, 2.8x 10* M of Pb, and 2.8 10° M of Zn as well
as those at pH 10 were 4510° M of Ca, 1.8x 10° M of Mg, 5.4x 10* M of Si, 1.5x 10°

M of Pb, and 9. 107 M of Zn. The concentrations of all elements (Ce, &i, Zn and Pb)
increased in double after 9 days compared to Jotllsaching time both at pH 4 and 10.

Fe was not detected at neutral and alkaline pi8.67and 10). The highest concentration of Si
can be observed at pH 4 and 10 whereas the lowesu&ral pH 7. Leaching of Pb was pH

independent and the concentrations were rathetutited from neutral to alkaline pH. In

contrary, Zn was found to be relatively dependdrthe pH except at pH 8.5 and 10 where
the concentrations were within the same range ginmade.
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Figure 5.1. Leaching of Ca, Fe, Mg, Si, Pb and Znaafunction of pH under open air
atmosphere (LBF).
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Figure 5.2. Leaching of Ca, Fe, Si, Pb and Zn fametion of pH under open air atmosphere
(ISF).
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5.3.2Initial leaching rates of LBF and ISF as a function of pH under open air
atmosphere

The initial leaching rates of all elements durihg first 24 hrs of leaching from both LBF and

ISF slags were given in Table 5.4, where the higleeshing rates were observed at pH 4 and
the lowest at pH 10. The highest dissolution rate€a, Mg, Pb and Zn can be observed at
pH 4, whereas the lowest rates can be seen at gér both LBF and ISF slags. On the other

hand, the dissolution rate of Si is higher at bpith4 and 10, where the lowest rate can be
seen at pH 7. The rates of Fe cannot be calculatepgH 8.5 and 10 as its dissolved

concentration is below the detection limit of ICEER)

Table 5.4. Log dissolution rates of Ca, Fe, Mg,Ri,and Zn from LBF and ISF slags as a
function of pH under open air atmosphere.

Log dissolution rate of LBF (mol.m?s™) Log dissolution rate of ISF (mol.n’s™)

pH Ca Fe Mg Pb Si Zn Ca Fe Mg Pb Si Zn

4 -766 -810 -885 -947 -792 -822 -790 -7.939.08 -9.69 -8.03 -848

55 -810 -894 -918 -11.09 -8.28 -8.65 -9.17 19.510.63 -9.92 -948 -9.65

7 -9.09 -10.57 -10.28 -10.48 -944 -981 -9.68 231.-10.98 -10.72 -10.12 -10.31

85 -9.73 -11.01 -11.60 -10.02 -11.06 -9.95 291 -12.72 -9.96  -12.10

10 -9.49 -11.03 -11.14 -9.69 -11.77 -10.03 581.-1154 -9.79 -12.29

*Specific leaching rate of Fe cannot be calculatgd is below detection limit of ICP-OES.

5.3.3 Effect of atmospheres on long-term leaching (9 daysf LBF and ISF as a function
of pH

Figure 5.3 shows the concentration of major elememhder open air and nitrogen
atmospheres during long-term leaching of LBF slHge concentration of Ca between two
atmospheres showed no significant difference exaeglight increase of Ca concentration
under nitrogen atmosphere at pH 4. On the othed,h#ve concentrations of Fe under
nitrogen atmosphere were found to be 5 times high®&r and 10 times higher at pH 7.
Concentration of Mg under nitrogen atmosphere Vightly/ higher at pH 4 and 5.5 whereas
that under open air atmosphere was higher at pHaBdb 10. The oxidation weathering
enhanced the leachability of Si at pH 8.5 and 1@relthe concentration of Si under open air
atmosphere was 5 times higher at pH 8.5 and 1Gstimgher at pH 10. The concentration of
Pb under open air atmosphere was higher at pH 45dmdvhereas that under nitrogen
atmospheres was higher at neutral to alkaline pkamwhile, Zn concentration under
nitrogen atmosphere is 1.5 times higher at pHahd 10.
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Figure 5.4 shows the concentration of major elememhder open air and nitrogen
atmospheres during long-term leaching of ISF sl&g concentration under nitrogen
atmosphere was 2 to 3 times higher at pH 5.5, #avhs no significant difference existed at
pH 4, 8.5 and 10. Both Fe and Mg concentrationseurmitrogen atmosphere were
significantly higher at all pH whereas Fe was unttex detection limit under open air
atmosphere at pH 8.5 and 10. The concentratio8s whder nitrogen atmosphere were higher
at pH 4, 5.5, and 7 whereas those under openramsphere were higher at pH 8.5 and 10.
Unlike other elements, the concentrations of Pbewfrctuating and did not reflect both
atmospheres and pH. Similarly, the concentratidn8nowere found to be higher at all pH
under nitrogen atmosphere compared to those umeer @r atmosphere.
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Figure 5.3. Leaching of Ca, Fe, Mg, Si, Pb and imf LBF slag as a function of pH under
open air and nitrogen atmospheres.
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5.3.4Thermodynamic modeling

Table 5.5 gives the species distribution and tHebddy controlling phases of all major
elements during LBF weathering under open air apinee. High saturation indices at pH 4,
5.5 and 7 showed that ferrihydrite, goethite anudige are the possible solubility controlling
phases of Fe. It was not possible to calculate Shendices for pH 8.5 and 10 as Fe
concentration was under detection limit of ICP-OHES8e solubility of Si was controlled by
amorphous silica-gel at pH 4, 5.5 and 7 (Sl indi€e®5, -0.18 and -0.74) and by quartz at pH
7, 8.5 and 10 (Sl indices: 0.55, -0.04 and 0.23aMvhile, Pb solubility was controlled by
cerussite at pH 5.5 to 8.5 (Sl indices: 0.56, @A0 0.51), and plattnerite at pH 7 and 8.5 (Sl
indices: 0.36 and 0.46), respectively. In additiBb, solubility at pH 10 was controlled by
cerussite and plattnerite (Sl indices: -0.43 an88Dwhere the precipitation of these phases
may occur after 7 days. Zn was controlled by zeneit pH 8.5 and 10 (Sl indices: -0.81 and -
0.56), by layer-double hydroxide at pH 7 (SI indeXx62), whereas by smithsonite at pH 7
and 8.5 (Sl indices: -0.92 and -0.23). Ca was ollett by calcite at pH 8.5 and 10 (Sl
indices: -0.63 and -0.30).

Table 5.5. Saturation indices (SI) of solubilitynémlling phases of major elements (LBF
slag).

LBF under O, atm after 9 days
Elements
Mineral phases Formula pH4 pH 5.5 pH 7 pH 8.5 pHQ
Ferrihydrite FeO(OH) 3.517 4.327 4.867
Fe Goethite FeO(OH) 6.226 7.036 7.576
Hematite FeO, 7.049 8.668 9.748 - -
SiO, (am,gel) 0.252 -0.175 -0.744 - -
Si Sio,
Quartz - - 0.546 -0.041 0.233
Cerussite PbCO - 0.561 0.404 0.506 -0.429*
Pb
Plattnerite Pb® - - 0.356 0.459 -0.581*
Zincite ZnO - - - -0.814 -0.562
Zn Zn-Al LDH(s) - - -0.617
Smithsonite ZnCQ - - -0.916 -0.231
Ca Calcite CaCo - - - -0.635 -0.301

Note: * refers to Sl indices at 7 days, suggestiiag the precipitations of such phases can talee@arlier than
9 days.
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Table 5.6 gives the species distribution and tHebddy controlling phases of all major
elements during ISF weathering under open air ghhmre. The oversaturation of Fe led to
the precipitation of hematite at pH 4 and 5.5 (&deix: 0.0). The solubility of Si was
controlled by chalcedony at pH 5.5, 7, 8.5 and 3Difdices: -0.45, -0.91, -0.74 and -0.18),
whereas by quartz at pH 7, 8.5 and 10 (SI indi€ed6, -0.94 and -0.38). On the other hand,
Pb was equally controlled by three phases: cemuasipH 7, 8.5 and 10 (Sl indices: 0.25, 0.51
and -0.46), hydrocerussite at pH 10 (Sl index: 7p#&nd plattnerite at pH 7, 8.5 and 10 (Sl
indices: 0.21, 0.46 and -0.51). Zn was controllgaimithsonite at pH 8.5 (Sl index: -0.63). In
addition, Zn solubility at pH 8.5 and 10 was coliéw by zincite (Sl indices: -0.82 and 0.85)
where its precipitation may occur after 7 days. Meaile, the solubility of Ca was controlled
by calcite at pH 8.5 and 10 (Sl indices: -0.43 ar&9).

Table 5.6. Saturation indices (Sl) of solubilityntwlling phases of major elements (ISF
slag).

ISF under O, atm after 9 days

Elements

Mineral phases Formula pH4 pH55 pH7 pH85 pHQ
Fe Hematite F©, 0 0 -

Chalcedony - -0.450 -0.908 -0.744 -0.175
Si Sio,

Quartz 0 0 -0.458 -0.944 -0.375

Cerussite PbCO - - 0.252 0.506 -0.458
Pb Hydrocerussite PbCH,0 - - - - -0.668

Plattnerite Pb© - - 0.205 0.459 -0.506

Zincite ZnO - - - -0.819*  0.849*
Zn

Smithsonite ZnCQ - - - -0.629
Ca Calcite CaCo - - - -0.431 0.891

Note: * refers to Sl indices at 7 days, suggestivag the precipitations of such phases can takeem@arlier than
9 days.

5.3.5.S0lid phase characterization of post-weathered LBEnd ISF slags
5.3.5.1. Scanning electron microscope (SEM) analysis

The changes in surface morphology as well as tler laf secondary precipitates onto
weathered LBF and ISF slags were observed by SEjIEs 5.5 and 5.6). Many white, thin,
long and needle-like structures; several darkey,dgoeg, flat flocs; as well as lighter grey,
single fat phases formed during the weathering BF Islags and precipitated back onto the
surface (Figure 5.5A). Many light grey snowflakédeelstructures sprawling on the surface
were mainly dendritic Zn substituted wustite wharle embedded in the glassy matrix of the
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slag (Figure 5.5B). Further EDS analysis showetl tttea secondary phases mainly consist of
oxide and carbonates of Fe, Zn, Ca and Pb (Fig@@)5Point #1 corresponds to the one of
the darker grey, big, flat flocs observed in Figr®A, where the atomic composition
represents oxide and carbonate of Fe (61%) andl@¥) with traces of Pb (2%). Point #2
corresponds to white, thin, long and needle-likactires which contain oxide and carbonate
of Fe (36%), Ca (23%), Zn (13%) and Pb (4%). Fingboint #3 corresponds to single fat
phase which are oxides of Fe (41%), Ca (21%), 3&d)land Pb (8%).

W e

Big flat flocs

el 2 Y -

Needle-like
structures

x1,900 10pum — BEC 20kV WDmm SS50 x1,800 10um S —
Université Paris Diderot-Paris7 03 Jun 2014 Université Paris Diderot-Paris7 03 Jun 2014

Oxides and carbonates
of Fe, Zn, Pb

Oxides and carbonates
of Fe, Ca, Zn, Pb

Oxides of Fe, Ca, Zn, Pb

SEl  20kV WD9mm SS50 x10,000 1pm —
Université Paris Diderot-Paris7 03 Jun 2014

Figure 5.5. Surface morphology and secondary phastsweathered LBF slags open air
(A) secondary electron imaging (SEI) mode on s@fasorphology, (B) backscattered
electron imaging (BEI) mode on surface morphologyd (C) precipitation of secondary
phases (oxides and carbonates of Fe, Ca, Zn, grasRibserved by SEM.

Several tiny metallic Pb droplets (2-4 nm); manyite/luffy flocs; as well as white, thin,
long and needle-like structures were observed enstifface of weathered ISF slag (Figure
5.6A). In addition tiny Pb droplets, some huge Rlisb(~5 M) were clearly visible where
secondary white fluffy flocs were accommodated (Feg5.6B). Oxides and carbonates of Fe,
Zn, Ca and Pb were the dominant secondary phasegsdoduring weathering of ISF (Figure
6C). Point #1 corresponds to thin layer of Zn cadies on the Pb metallic droplet whereas
point #2 corresponds to white fluffy flocs whichntain oxide and carbonate of Fe (44%), Ca
(1.7%), Zn (18%) and Pb (4%). Finally, point #3responds to needle-like structures which
are oxides and carbonates of Fe (54%), Ca (2.9#0]14%) and Pb (5%) in atom percent.
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Figure 5.6. Surface morphology and secondary phas#s weathered ISF slags (A)
secondary electron imaging (SEI) mode on surfacgphaogy, (B) backscattered electron
imaging (BEIl) mode on surface morphology, and (@cjpitation of secondary phases
(oxides and carbonates of Fe, Zn, and Pb) as clxsénw SEM.

5.3.5.2. Transmission electron microscopy (TEM) analysis

A mixture of Ca, Pb and Zn carbonates are the nsgoondary precipitates observed after 9
days of leaching LBF slags (Figures 5.7A, B, C &)dThese carbonate phases consist of
73% of Ca, 17% of Pb and 6.7% of Zn (atm %) (Fidui®\) and 90% of Ca, 8% of Pb, 1.3%
of Fe and 0.8% of Zn (Figure 5.7C). In additiorRlametallic ball, ~20 nm in size as well as
traces of Si around the carbonates was observeglr@=i5.7A). Not only nearly-well
crystallized but also amorphous carbonates werereed (Figure 5.7C) where their sizes
range from 10 to 100 nm. The X-ray diffraction aiséd of the well-crystallized part of
carbonates indicated the calcite as the possibb®oate mineral (Figures 5.7B and D).

On the other hand, not only a mixture of Ca, Pb Andtarbonates but also some alumino-
silicates were observed after 9 days leaching Bfdiags (Figures 5.8A, B, C and D). A thin
layer of carbonates mainly enriched in Ca (80-9@%hg with the presence of Pb (10-18%)
and Zn (1-2%) were deposited on the weathered cudé ISF slags (Figures 5.8A and B).
The alumino-silicates phases were rather crysédllis to 25 nm large in size and the X-ray
diffraction analysis suggested kaolinite as thesfimds mineral phase (Figures 5.8C and D).
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Pb, Zn & Ca
Carbonate

30 cm Bin 4

Pb ball

Si

100 nm

Crystalized carbonate
of Ca. Pb & Zn

30 cm Bin 4

Amorphous
carbonate

50 nm

Figure 5.7. Precipitation of secondary phases dusieathering of LBF slags open air (A) Ca,
Pb and Zn carbonates along with metallic Pb batll aaces of Si and (B) its diffraction

pattern of carbonates, (C) more crystallized Caaih Zn carbonates along with amorphous

carbonates and (D) its diffraction pattern on aligted carbonates (calcite mineral) as

observed by TEM.
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Pb, Zn & Ca
Carbonate

Thin carbonate
layer of Pb, Zn
& Ca

Darker spot enriched in Si 30 cm Bin 4

Lighter grey
enriched in Al & Si

Figure 5.8. Precipitation of secondary phases dunaathering of ISF slags open air (A and
B) Ca, Pb and Zn carbonates, (C) alumino-silicgtease and (D) its diffraction pattern
(kaolinite) as observed by TEM.

5.4.Discussion
5.4.1 Far-from equilibrium leaching condition
5.4.1.1. Dissolution kinetics of both slags

During far-from equilibrium leaching condition urrdepen air atmosphere, the release of
elements from both LBF and ISF slags are contrddedissolution kinetics and the primary

mineral phases present in each slag. The leachteg of Ca, Si and Zn from LBF slags are 2
times faster than those from ISF slags at pH 4gesting that LBF slags are prone to
weathering under acidic conditions where leachihgv® major-matrix elements Ca and Si

consequently enhanced the leaching of Zn embedddéuki matrix of LBF slags. Similarly,
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the leaching rates of Ca, Fe and Si are 2-3 timstef than those of ISF slags which led to the
leaching of Zn from LBF slags 2 times faster thhattfrom ISF slags. In contrast, the
leaching rates of Si from ISF slags is 2 timesefiaian that from LBF slags, suggesting that
ISF slags are more prone to weathering under akatonditions. Unlike Zn, the leaching
rates of Pb from LBF is 2.5 time faster at pH 4 arkltimes at pH 7 compared to that from
ISF slag, whereas it has the same leaching kinatipsi 10.

5.4.1.2. Stoichiometric or non-stoichiometric leaching

During the leaching of LBF and ISF slags, if thelanatios of elements in the leachate are
eqgual to those in the un-weathered slags, suchditehching can be called as stoichiometric
dissolution (Brantley et al., 2008b). The numbemafar ratios of major elements in leachate
after 24 h of slag-water interaction time was coragato the initial molar ratios of un-
weathered slags (Table 5.7). The initial molarosatf major elements to Si of LBF and ISF
slags are 0.85-1.0 for Ca/Si, ~1.1 for Fe/Si, ~8@A.2 for Mg/Si, ~0.04 for Pb/Si and ~0.3
for Zn/Si, respectively.

During dissolution of LBF slags, preferential leexghof Ca and Mg can be observed at all
pHs for both atmospheres. Similarly, preferentegching of Pb occurs at all pHs except at
pH 5.5 under open-air atmosphere and at pH 4 undesgen atmosphere. Congruent
dissolution between Zn and Si can be expected &.ptnd 7 under open air atmosphere as
well as at pH 7 under nitrogen atmosphere wher&izatios are from 1.09 to 1.20 for LBF
slags.

During dissolution of ISF slags, a similar prefdigneaching of Ca and Mg can be observed
at all pHs for both atmospheres except for Ca alLpkinder open air atmosphere. Due to the
higher contribution of Pb droplets in ISF (68%) qared to that in LBF (24%), the
preferential leaching of Pb was enormous at pHabd® 7 under open air atmosphere and at
pH 7 and 8.5 under nitrogen atmosphere for ISFsslegaddition, preferential leaching of Zn
was observed at acidic to neutral pH for both apheses.
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Table 5.7. Normalized stoichiometric ratios of leaie and bulk slags as a function of pH
and, under different atmospheres

LBF (Open air atm) LBF (Nitrogen atm)

Qrorm Ca/Si Fe/Si Mg/Si  Pb/Si  Zn/Si  Qnom Ca/Si Fel/Si Mg/Si Pb/Si Zn/Si

LBF 0.97 112 0.12 0.04 0.36 LBF 0.97 112 0.12 0.04 0.36

pH 4 1.84 059 0.98 067 136 pH4 3.01 0.77 296 0.03 1.23

pH55 155 019 1.04 004 116 pHS55 166 044 121 1.06 1.13

pH 7 236 0.07 123 225 120 pH7 138 054 0.91 480 1.09

pH85 201 0.00 0.86 065 025 pH85 271 691 0.93 3.10 0.74

pH 10 163 0.00 0.38 0.86 0.02 pH10 594 0.01 1.18 2,57 020

ISF (Open air atm) ISF (Nitrogen atm)

Qnorm Cal/Si FelSi Mg/Si  Pb/Si  Zn/Si  Qnom Ca/Si Fel/Si Mg/Si Pb/Si Zn/Si

ISF 0.85 1.18 0.08 0.02 0.31 ISF 0.85 1.18 0.08 0.02 0.31

pH 4 158 106 1.03 099 113 pH4 173 139 1.76 091 1.53

pH55 240 080 0.83 16.77 216 pH55 204 121 1.60 1.08 1.35

pH 7 3.24 0.07 1.65 1156 2.10 pH7 365 136 1.59 98.01 3.77

pH85 119 0.00 0.70 0.08 002 pH85 483 052 1.93 11.83 1.02

pH 10 0.67 0.00 0.21 081 001 pH10 154 012 0.52 1.10 0.20

5.4.1.3. Dissolution of primary mineral phases

Reflecting the nature of both LBF and ISF slags,dissolution of primary crystalline phases
and glassy phases controlled the major elementhdeaout from the slags. In general,
silicates and spinel phases are well-known for dpeiasistant to weathering whereas
amorphous glassy phases are prone to release nmétathe solution. In order to extrapolate
tracing of the dissolution of primary phases froothbslags, the stoichiometric ratios of major
elements in the leachate were calculated and cadparthose of primary mineral phases.
Figure 5.9 shows the stoichiometry of both LBF &88 calculated from the concentration
data after 24 h and under nitrogen atmospheresewthere is no formation of secondary
precipitates.

The dissolution of spinel such as magnesiochroamte gahnite can be expected at acidic pH
of 4 and 5.5 for both slags, whereas spinels phasgels as zincochromite, magnetite, and
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franklinite can be resistant to weathering eveaadlic pH within the given time frame of
dissolution periods. Meanwhile, the stoichiometryhe leachate at pH 7 were much closer to
that of amorphous glassy part of slags, thus, Eacbhemistry at pH 7 can be contributed
and controlled by the dissolution of amorphousglgsart of the slags at neutral pH 7 (Figure
5.9). In addition, the stoichiometry of leachateHit 8.5 for LBF slag were within the range
of that of magnetite, thus, the leachate chemistiry be influenced by the partial dissolution
of magnetite pH 8.5 for LBF slags.

The dissolution of melilite mineral groups suchhasdystonite can be expected at pH 10 for
ISF slags as the stoichiometry of leachate febketaange to that of hardystonite which is in
agreement with the study of Kierczak stating thatilite are prone to weathering at alkaline
conditions whereas quite resistant to weatherindeumeutral conditions (Kierczak et al.,
2009). In contrast to this study, a significantsdisition of melilite was observed at acidic pH
2 (Kucha et al., 1996). On the other hand, thecstometry of leachate for both LBF and ISF
slags are far away from that of willemite, suggesthat willemite phases can be rather stable
and is not prone to pH changes and weathering.

Mg/Zn o LBF
O ISF
B Ca,ZnSi,0,
O Zn,Sio,
0 MgCr,0,
MgCr,0O, O ZnFe,0,
O Fe2*Fe3+,0,
O2ZnAl,0,
B ZnCr,0,

ZnAl,0,

¥
o pH4,55

oH7 T pH7

P
EL\D ISF_Glass
LBF_Glass

N [ |
LBF_Bulk \ N

pH8.5
& ISF_Bulk VY

ZnCr,0,
ZnFe,0,

e?*Fe®,0,

SilZn Fe/Zn

Figure 5.9. Extrapolation of the dissolution ofrpairy phases from slags after weathering of
LBF and ISF slags for 24 h under nitrogen atmosgher

5.4.2 Near-equilibrium leaching condition

During near-equilibrium leaching conditions undgen air atmosphere, the release of the
elements from both slags are still contributed Iy dissolution of primary mineral phases
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and glassy matrix, however, the dissolved elememrnisentrations is further controlled by the
new secondary phases formed from prolonged slagrirmeraction time. The newly formed
secondary phases can control the solubility ofdissolved elements in the leachate. During
this stage, incongruent dissolution takes placersviiee formation of alteration layer with
secondary phases consequently controls the flifdsthn between slag and water, thus,
controlling the overall slag dissolution. This pberenon was extensively studied in the
dissolution of medieval glasses and Celia’s singgdss (Lombardo et al., 2013; Strachan and
Neeway, 2014)

5.4.2.1. Newly formed secondary phases

During LBF weathering, ferrinydrite can be the doemt mineral phase controlling Fe
solubility as the transformation rates are $.Z0° at acidic pHs and  10° (s*) at neutral
pH 7 at 25°C (Soumya et al., 2011) compared to &vion rate constant of goethite isx4.0°
(s1) at pH 7 (Yee et al., 2006).

Carbonates are the dominant secondary phases duBfg weathering whereas both
carbonates and alumino-silicates are formed du@tgweathering. The carbonates formed
on weathered LBF slags can be rather large in(4@€.00 nm) compared to those formed on
weathered ISF slags (1-5 nm) whereas the kaolioitemed ranges 5-25 nm in size. In
addition, the chemical composition of carbonatespsabbserved can be different; 70-90% Ca
along with 8 to 18% of Pb, 0.6 to 7% of Zn and 8%.of Fe.

Formation of cerussite phases along with Zg®@@re also observed during weathering of
LBF slag in ultra-pure water medium (Yin et al.,12). Similarly, precipitation of smithsonite

(ZnCG;) and hemimorphite [Z%i,0;(OH),] during of leaching of Zn slags was observed
whereas smithsonite was related to the hydratiorhardystonite and zincite, and the
hemimorphite to the destabilization of willemite givaecker et al., 2014). Apart from the
carbonates phases, the formation of amorphoug fexides (HFO) was found after leaching
of Pb-Zn slags for more than 100 days (Ettler t28105a; Ettler et al., 2003a). This implies
that time plays an important role in dissolution mfmary Fe-bearing phases, and in the
formation of HFO.

5.4.2.2. Bulk release of Pb and Zn during long term leachingf LBF and ISF slags

The total amount of Pb and Zn leached out from BB ISF slags after 9 days of leaching
are shown in Table 5.8. The total amount of PbHedmut from LBF slag were much higher
under open air atmosphere at pH 4 (1842ug) and.pHE®g) whereas that under nitrogen
atmosphere were higher at pH 7 (376pg) and pH Bug)( In addition, the amount of Zn

from LBF slag were much higher under nitrogen agphese at pH 4 (5394ug) and pH 7

(238u).

Furthermore, the total amount of Pb (74ug) and Zi6flg) at pH 7 under open-air
atmosphere were almost as high as the amount leacheduring chemical leaching of LBF
slag in ultra pure water at pH 7 under leachatewah condition for 140 days as well as
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under leachate stagnant condition for 250 daysinguhemical leaching of LBF slag in ultra
pure water, the total amount were 20ug of Pb arm®jug5of Zn under leachate renewal
condition (van Hullebusch et al., in press), wheréee amount were 747ug of Pb and 659ug
of Zn under leachate stagnant condition (Yin ef 2014). Thus, the longest slag-water
interaction time indeed played a role in bulk rekeaf Pb and Zn from LBF slags.

Meanwhile, the total amount of Pb leached out fi&# slag were much higher under open
air atmosphere at pH 4 (1152u9), pH 5.5 (668ug)8fH41g), and pH 10 (61ug). Similarly,
the amounts of Zn leached out from ISF slag wegaédr under nitrogen atmosphere at pH 4
(5413uQ), pH 5.5 (650uQ), pH 7 (87 ug), and pHZAQ4).

Table 5.8. Bulk release of Pb and Zn from LBF &H $lag after 9 days of leaching.

Bulk release from LBF (ug g") Bulk release from ISF (ug &)

pH Pb(©) Pb(N) 2zn(©) 2zn(N) pH Pb(©) Pb(N) 2zn©) zn(N)

4 1842 702 3874 5394 4 1152 990 3207 5413
5.5 69 30 1261 1072 5.5 668 12 286 650
7 74 376 176 238 7 52 399 28 87
8.5 4 7 2 3 85 4 2 1 1
10 4 4 2 1 10 61 6 1 2

5.5.Conclusions

The present study showed that the environmenthllisgeof LBF and ISF slag depends on a
wide range of parameters: the changes in pHs,rihepy mineral phases present in the slags,
the influence of the atmospheres, and slag-wateraation time.

5.5.1 Effect of pHs

The leaching behaviors of each element are diffefia both slags as a function of pHs. The
leachability of Ca and Zn are dependent on pH wkieeehighest concentration at pH 4 and
the lowest at pH 10 for both slags whereas thenhkgaitity of Si is higher at pH 4 and pH 10

for ISF slags. In addition, the faster leachingesabf Ca, Si and Zn from LBF slag implies

that they are prone to weathering under acidic tmmd$ compared to ISF slags. However,

the faster leaching rates of Si from ISF slag, sstgythat ISF slags are more prone to
weathering under alkaline conditions. Unlike ote&ments, dissolution of Fe is favored at
acidic pHs (4 and 5.5) whereas limited at alkaphis (7, 8.5 and 10).

5.5.2 Effect of atmospheres

In the context of slags weathering under the operatenosphere, the presence of oxygen
from enhances oxidative weathering whereas theepoesof carbon dioxide leads to the
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formation of secondary carbonate phases along wtitler oxide phases. The weathering
experiment under Open air atmosphere can be refatibeé natural weathering scenario when
slags are open-dumped whereas the experiment uaitdegen atmosphere can be related to
the anoxic weathering scenario when slags arefilead-

5.5.3 Effect of leaching time

The slag-water interaction time plays an importesie in assessing the leachability of
elements from both LBF and ISF slags. The dissmtukinetics and the transformation of
primary mineral phases and glassy matrix will cointhe release of the elements from both
slags during initial leaching time of 1 day. Howewehen the prolonged time period of 9
days is employed, the solubility of the elementsfarthered controlled by the newly formed
phases. In addition, the longer slag-water inteévactan lead to the dissolution of some
primary phases (spinel for instance) which are reggaveathering during initial period, the
formation of secondary layer which might contra dtiffusion of water, thus, controlling the
dissolution of the slags.

5.5.4 Secondary precipitates

Newly formed secondary phases are (1) the indisatat both LBF and ISF slags are active
and (2) the by-products of weathering after slagewmnteraction for longer time whereas (3)
the stability of these newly formed phases aré Isfil out in most studies. The secondary
precipitates observed in this study are mainly egjccarbonates and clay phases which are
predicted by thermodynamic model Visual MINTEQ dindther confirmed by SEM and
TEM analysis. The newly formed phases observeligstudy are related to low-temperature
laboratory weathering conditions, whereas a varétygther phases such as ferric oxides and
hemimorphite can be expected in natural weathexamglitions of Pb-Zn slags.
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Zn Isotopes Fractionation during Chemical
Weathering of Slags from Lead Blast
Furnace (LBF) and Imperial Smelting

Furnace (ISF) Smelters

This chapter will be submitted to:

Environmental Science and Technology
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Chapter 6

6.1.Introduction

The development of multi-collector inductively caegh plasma mass spectrometry (MC-ICP-
MS) over the past 20 years (Halliday et al., 19RBhk&amper et al., 2001; Johnson et al.,
2004), have induced a great expansion of the krdgelen the field of transition metal
isotopes geochemistry such as Zn. Due to the apavicipation of Zn in multiple biological
and low-temperature inorganic-chemical reactiotssjgotopic variations may be used as a
tracer of biogeochemical and chemical processepetitrents by Pokrovsky et al. (2005),
then Juillot et al. (2008) showed Zn isotopic fracation (°°Znsgjig-solution= * 0.20-0.53%0)
during Zn adsorption onto oxy(hydr)oxides and ambyd oxides surfaces under abiotic
conditions, whereas Jouvin et al. (2009) highlighteat Zn bound to purified humic acid
(PHA) was heavier than free Zn (A°®Znpuarreezn2) = 0.24%0. Meanwhile, biological
processes can also induce fractionation betweeisdapes: Zhu et al. (2002) have reported
Zn fractionation of 1.1%. for Zn proteins synthesizey yeast, relatively t6°°Zn in the
nutrient solution and Gélabert et al. (2006) derntrated that irreversible incorporation of Zn
in cultured diatom cells induces an enrichment @y isotopes A°°Zngiig-solution= 0.3 tO
0.4%0, compared to the growth media).

While many studies focused on Zn isotopes durinirah biogeochemical cycling, other
results suggest that Zn isotopes can be usedde &m@thropogenic contamination: significant
variability of 5°°Zn was reported in lichens near urban area andnmifacilities with Zn
isotopic signatures up to 1.40%. heavier than tlallgeochemical background (Cloquet et
al., 2006a and Dolgopolova et al., 2006). Weisalef2007) managed to estimate probable
sources of Zn contamination of peat surface lagfescted by atmospheric particles thanks to
Zn isotopes, With5°®Znyuc = 0.32 for the mining site angf®Zn;uc = 0.66 for the smelting
site. Among anthropic sources, smelting sites anghrticular slag tailings were shown to be
of major importance in term of inputs of contamitsaim the environment (Audry et al.,
2004). Indeed, smelting processes were provedattidnate Zn isotopes (Shiel et al., 2010;
Sivry et al., 2008) resulting in heavy isotopesid@mment in the residual solid waste (up to
8°Znyme = 1.50%o, Sivry et al., 2008) whereas the dust deiynis enriched in light isotopes
(up t08%°Znyyc = -0.67%0, Mattielli et al., 2009).

Hence, downstream river sediments, lake sedimentwedl as soils impacted by smelters
were proved to contain Zn with isotopic compositidimectly controlled by the smelting
activity itself and many studies have demonstrdtesl potential of Zn isotopes to trace
smelting source contamination (Petit et al., 2008itielli et al., 2009; Sivry et al., 2008;
Juillot et al., 2011; Thapalia et al., 2010).

In such pyrometallurgical context, slags are thenmaaste product (Piatak and Seal, 2010)
and they are mineralogically and chemically diversserials containing variable amount of
glass and crystalline phases as well as relictam@ flux minerals (Lottermoser, 2002).
Mineralogy of slags has been well characterizede@safly in relation to origin of ores,
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smelting technologies, cooling temperature of sl@ggler and Johan, 2003b; Ettler et al.,
2009; Puziewicz et al., 2007). Slags produced bgelmetal smelters contain high
concentrations of potentially toxic metals (Piag&lal., 2004). Consequently, risk assessment
through the mobilizations of metals from the sldgsp have been widely studied in soil or
soil-like environment (Ettler et al., 2004; Sobamsit al., 2000), in leaching assessment of
road materials containing Pb and Zn slags (Barnalet2004), as well as in landfill
environment (de Andrade Lima and Bernardez, 2012héALe Carliera et al., 2000).
Dissolution/precipitation, adsorption/desorption a®ll as complexation are the main
processes controlling the pollutant release froenslag under weathering environment, which
were all proven to fractionate Zn isotopes. Thissuaing that slags are one of the main
sources of contamination from Zn-Pb smelter agtithie multiple low-temperature inorganic
chemical reactions involving Zn as well as the $laterogeneity should be carefully consider
when using Zn isotopes as tracer of smelting dgtoontamination.

The overall goal of the present study is to asslessZn isotope signature resulting from
chemical weathering slag considered as source aiftaconation. For this, specific
experiments were designed to leach under controflbgsicochemical conditions two
different slags from Lead Blast Furnace (LBF) amdpérial Smelting Furnace (ISF)
processes. Both liquid solutions and solid phasese whemically and structurally studied,
and isotopic compositions were measured in bulgssknd leachate solutions, in order to
determine whethe$®°Zn in the leachate was controlled by Zn bearingsphanto the slag
(amorphous or crystalline silicate phases) or leypthysicochemical processes affecting Zn.

6.2.Materials and Methods
6.2.1Slags

Pyrometallurgical slags used in this study wergionated from former lead blast furnace and
imperial smelting furnace smelters (LBF and ISFpre located in the industrial basin of
Nord-Pas-de-Calais, northern France. Both LBF & $lags are vitreous materials, and
particle size distribution varies from 100 pm tonh with specific surface area of 0.08-0.09
m® g'. LBF contains 80 vol% of amorphous glassy phasth WiaO-FeO-Si@ as end
members, 19 vol% of crystalline phases and 1 vol%netallic lead droplets whereas ISF
contains 84 vol% of glassy phase, 5vol% of crystalphases, 10 vol% of speiss and 1 vol%
of metallic lead droplets (Deneele, 2002). The abalhcomposition of global as well as
amorphous glassy phase for both LBF and ISF slagsgaen in Table 6.1. Spinels are
dominant part of crystalline phases which are walbedded and scattered across the glassy
matrix of both LBF (19% in v/v) and ISF (5% in v/ivMagnesiochromite (MgGD,),
franklinite (ZnFeO,), magnetite (FéFe**,0,) are dominant spinels phases found in LBF
whereas zincochromite (Znf,), and gahnite (ZnAD,) are the ones found in ISF slags
where their respective chemical composition aremgivn Table 6.2.Along with spinel phases,
silicate phases such as hardystonite,Z8310;) and willemite (ZpSiO,) are found in both
slags with additional Fe rich speiss found in 1&§s where detail chemical compositions are
given in Table 6.3. Unlike Zn, Pb is mainly presaatsimple droplet form embedded in the
glassy matrix of both slags.
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Table 6.1. Chemical composition of global and glasatrix in LBF and ISF slags.

%wt Samples SiQ CaO FeO; FeO ALO; MgO MnO  ZnO PbO

LBF 2488 22.14 8.11 23.27 2.46 2.71 0.81 10.77 3.74
Global

ISF 2438 1855 0.39 31.11 10.03 1.81 1.04 8.75 1.66

LBF 26.38 2292 - 2650 2.54 1.91 0.84 11.16 4.30
Glass

ISF 25.68 21.40 - 2497 9.98 1.80 0.84 8.27 0.22

Note: Global chemical composition obtained by adigestion (HNQ-HCI-HF) except for Si by XRF, where as
glassy part obtained by microprobe (Deneele, 2002).

Table 6.2. Chemical composition of primary spinel&BF and ISF slags.

Samples  Spinels (%owt) Si@ CaO FeO; FeO AlLO5 MnO MgO ZnO Cr,04

MgCr ;04 0.28 057 8.95 5.55 15.83 0.79 1246 9.90 44.56

LBF ZnFe,0, 0.10 0.68 67.62 7.69 0.62 091 4.83 15.79 1.66

Fe'Fe*,0, 0.05 0.13 45.45 17.29 7.60 0.74 1.99 12.72 13.59

ZnCr ;04 0.03 024 3.12 11.52 1.96 227 097 18.14 61.13
ISF

ZnAl 0, 0.08 0.13 3.93 6.59 50.72 0.19 3.19 31.08 4.03

Note: Chemical composition obtained by microprobalygsis (Deneele, 2002).

Table 6.3. Chemical composition of silicates in L&#d ISF slags.

Silicates (%wt) Sio, CaO FeO ALO; MgO MnO Zn0O PbO

Ca,ZnSi,0 38.09 32.96 4.88 2.78 2.63 0.32 12.60 4.56

Zn,SiO,4 29.86 0.00 1.16 0.03 0.23 10.77 63.99 0.04

Note: Chemical composition obtained by microprobalygsis (Deneele, 2002).
6.2.2Chemical weathering experiment

Chemical weathering experiments of LBF and ISF slagere conducted according to
standardized leaching test, CEN/TS 14997 (2006h wlight modifications. Two set of
experiments were performed at fixed pH values @, B, 8.5 and 10) under both open-air and
nitrogen atmospheres, from 6hours to 9days. Théiadaf either suprapure grade HNOr
NaOH (Merck Inc., Germany) was done via a compé&iomatic and continuous titration
system (Titroline Alpha plus TL 7000). The liquidl $olid ratio (L/S) was maintained at 20,
the temperature was controlled at 23 + 2°C, améhet constantly stirred at 100 rpm. 5 mL of
leachate were sampled after 6h, 24h and 216 h epldced by an equivalent quantity of
leaching medium to maintain the L/S ratio constant.
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6.2.3Leachate chemistry and geochemical modeling

The leachate from chemical weathering experimenerewfiltered through 0.20 uM
polypropylene filters, and then digested in aquparef HCI to HF (4:1). Clear solutions were
evaporated to dryness, and finally dissolved in HN@ further analysis on ICP-OES
(Thermo Scientific iCAP 6200 Duo), and in HCI fawni chromatography separation. The
leachate composition was further processed by thaymamic model Visual MINTEQ v. 3.0
for determination of solubility controlling phasasd for calculation of saturation indices of
potential secondary precipitates. The temperata® kept constant at 25°C, the oversaturated
solids were not allowed to precipitate, and the, @@rtial pressure was fixed at 396 ppmv.

6.2.4Zn isotopes measurement

The anion-exchange chromatographic method dedidatedid-mine drainage samples was
used to separate Zn from the matrix (Borrok et2007). Column yield of each separation
was checked prior to the analysis on Neptune MGNM3?(Thermo Finnigan) at IPGP, Paris,
France, and found to be 95+5%. The introductioeriate consisted of standard Ni cones,
desolvating system (APEX), an ESI Teflon micro-rifam operating at 10QLmin™, and a
CETAC ASX-100 auto samplef’Zn, °zn, ®zn, ®®Zn and "°Zn were simultaneously
measured as well i signals, to correct for the potential isobafii interference ofi*zn.

All the samples were measured in 0.5 N HN6piked with in-house IPGP Cu as internal
standard (Zn/Cu voltage ratio 1:2). Simultaneoud3MC Lyon Zn and IRMM Zn standards,
spiked with in-house IPGP Cu standards, as weBbRb 976 Cu standard spiked with in-
house IPGP Zn standard were also measured evesgrfles during one analysis session.
An analysis of one sample comprised of 3 blocksl®10s integrations. The individual
samples were bracketed by in-house standard (Zrua@d isotopic data were reported in
relative to the Johnson Matthey Zinc (JMC) Lyorfadkw (Eq. 6.1):

(66Z n /(,4

)
Zhsample. _ 1 {4 1000(%o) Eq. (6.1)

666ZHIMC L = 55
yon 7n/,
( /(4ZT1)]MC Lyon

Both simple bracketing correction method (Borrolaket 2007; Thapalia et al., 2010) as well
as exponential law (Marechal et al., 1999; Masoalgt2004b; Mason et al., 2004a) were
used as alternative mass-bias correction methols. averages®®Zn of in-house IPGP
standard in relative to JMC Lyon standard was fotmdbe -0.04+0.04%. whereas the
analytical repeatability of the IRMM 3702 was 0.81634%. (2SD, n=18), that of JIMC Lyon
was 0.00£0.06%0 (2SD, n=18), respectively. Exteneftrence material BCR-2 from USGS
was analyzed at 0.27+0.06%0 (2SD, n=12) during 13-cunsecutive measurement sessions
on MC-ICP-MS. This 2SD has been applied to all Zimeisotopic data unless the sample
repeatability exceeded 0.06%o.
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6.2.5.S0lid phase characterization

Transmission electron microscopy (TEM) analysis haen used in order to give insights
regarding the mechanisms of alteration, surfacephwogy of slags and the formation of
secondary mineral phases. Diluted suspensionseo$dhd phases were deposited on copper
grid. TEM analysis was performed at University oferRe et Marie Curie using
JEOL 2100Felectron microscope, operating at 200 kV and emdppith a field emission
gun, a high-resolution UHR pole piece and a Gat#n ZB0 L imaging filter. To perform
chemical analysis, this microscope was coupled eldctron-dispersive X-ray spectroscopy
(EDXS) using a JEOL detector with an ultrathin womdallowing detection of low atomic
mass elements. TEM pictures were treated with dftevare ImageJ 1.43u.

6.3.Results
6.3.1.Oxidative weathering of slags

Zn dissolution. Zn will be the element of interest in this papehereas the dissolution
chemistry of other elements (Ca, Fe, Mg, Si andis)already been addressed in Chapter 5.
Figure 6.1 illustrates the evolution of Si and Zoncentrations as well as Zn isotopes
signatures in leachate as a function of time, duopen-air atmosphere and pH-dependent
leaching of both LBF and ISF slags. The initial @mtents are 14mM and 12mM in LBF and
ISF slags, respectively. Concentration of Zn isnfibtio be dependent on pH for both slags,
where the highest concentrations can be found a4 (§6i4 to 2.9 mM) whereas the lowest
concentrations at pH 10 (0.0002 to 0.0012 mM). ddi@on, higher Zn concentrations are
observed for both slags at all pHs when the slagmiateraction time is prolonged from 6h
to 216 h (Figure 6.1 A & B).

Zn isotopes. The Zn isotopic analyses of bulk LBF and ISF digpd §°°Zn signatures
enriched in heavier isotopes (i.e. 0.13%o0 +0.06%a3 aad 0.78%. +0.13%., N=3 for LBF and
ISF, respectively). During weathering of LBF slaffZn got heavier as slag-water interaction
time was increased from 6h to 216 h: from 0.03%3.69%. at pH4, from -0.07%o to 0.04%. at
pH 5.5, from -2.77%o to -2.11%. at pH 8.5. On theesthand,5°°Zn got slightly lighter as
function of time: from -1.4%o to -1.65%0 at pH 7 afrdm -1.25%. to -1.28%0 at pH 10.
Similarly, heavie®Zn signature as a function of time can be obsedeeithg weathering of
ISF slag (Figure 6.1 C & D}’®Zn gradually increased from 0.89%o to 0.91%o. at pHrdm
-0.05%o0 to 0.55%0 at pH 5.5, from -0.08%o to 0.05%¢ét 7, from -1.17%o to -0.22%. at pH
8.5 and from -1.16%. to -0.27%. at pH 10. In conadamsi Zn dissolution was related to
extremes zinc isotopic signatures in the leachat@a dunction of pHs and leaching time.
Heaviers®°Zn values can be observed at low pH than at higHgsHboth slags; i.e. 0.03%o
and -1.25%o for LBF, 0.89%0 and -1.16%. for ISF at $ldnd 10, respectively after slag-water
interaction time of 6h.
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Figure 6.1. Concentration of Zn and its isotopemaiures as a function of pH and ti
during oxidativeweathering of LBF and ISF slags: (A) Zn concendratin leachate fror
LBF slag, (B) Zn concentration in leachate from ISIRg, (C) Zn isotopic signatures i
leachate from LBF slag, and (D) Zn isotopic signeswof leachate from ISF s.

6.3.2 Anoxic weathering of slag

Zn dissolution. Figure 62 illustrates the leaching of Zn and its isotopgaatures during pt
dependent leachingf both LBF and ISF slags under nitrogen atmosplasra function o
time. Concentration of Zn is found to be relativdgpendent on pH for both slags where
highest concentrations can be found at pH 4 (0.74%® mM) whereas the lowe
concentrationsat pH 10 (0.001 to 0.011 mM). In addition, highem Zoncentrations al
observed for both slags at all pHs when the-water interaction time is prolonged from
to 216 h (Figure 6.2) except at pH 8.5 for ISF ¢
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Zn isotopes.During weathering of LBIslag, the5®°Zn got heavier as sl-water interaction
time was increased from 6h to 216 h: fr-0.14%o to 0.00%. at pH4, frot-0.70%o to -0.16%o
at pH 5.5, from -0.42%. ta0-15%0 at pH 7 and fror-0.99%. to 0.15%. at pH 10, whereas t

signature got lighter fron2:10%o. t0-2.35%0 at pH 8.5 (Figure 6.2). During weathering<¥

slag, heavie®®Zn signature can be observed as a function of fimall pHs: from 0.81%o t«
0.78%o at pH 4, from 0.60%o to 0.83%0 at pH 5.5, fr-0.35%0 to 0.50%. at pH 7, fror-

0.51%0 to -042%0 at pH 8.5 and fron-0.53%. to 0.85%. at pH 10. In conclusioZn

dissolution was related to extremes zinc isotomioaures in the leachate as a functior
pHs and leaching time. Heavig®®Zn values can be observed at low pH than at higtiqpl
both slags; i.e. -0.14%0 an@®.99%. for LBF, 0.81%. and0-53%. for ISF at pH 4 and 1
respectively after slagrater interaction time of 6
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Figure 6.2. Concentration of Zn and its isotopemaiures as a function of pH and ti
during anoxic weathering dafBF and ISF slags:(A) Zn concentration in leacHaben LBF
slag, (B) Zn concentration in leachate from ISF)sIE) Zn isotopic signatures of leach
from LBF slag, and (D) Zn isotopic signatures @fdieate from ISF sl
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6.3.3 Effect of the atmospheres o1Zn isotopes signatures

Figure 6.3 illustrates the concentration of Zn @&sdsotopes signatures under both c-air
and nitrogen atmospheres after weathering of LBFI&k slags for 216 h. The concentrat
of Zn under nitrogen atmosphere is higher that under opeair atmosphere at acidic
for LBF slag and at all pHs except pH 8.5 for 13&gs During weathering of LBF slag, tl
8°®Zn displayed significantly heavier signature unditrogen atmosphere at pH -0.16%o)
and pH 10 (©.15%0) compareco signatures under opetir atmosphere at pH -1.65%.) and
pH 10 (4.28%o0). Similarly, the heavier signatures were obs@ under nitrogen atmosphe
during weathering of ISF slags at all pHs: 0.78%pldt4, 0.83%. at pH 5.5, 0.50%0 at pH-
0.42%o at pH 8.50.85%0 at 10 (Figure 6.3B
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Figure 6.3. Effect of atmospheres on the conceatraif Zn and its isotopes signatures ¢
function of pH after weathering of LBF and ISF €agl6 . (A) Zn concentration an
isotopic signatures of leachate from LBFg, (B) Zn concentration and isotopic signature
leachate from ISF slag under o-air and nitrogen atmospheres.

6.3.4.Thermodynamic modeling

Table 6.4 gives the species distribution and thkeibddy controlling phases of majc

elements during LBF weatheri under both atmospheres. Under c-air atmosphere,
ferrihydrite is the only phase controlling Fe saliigp at pH 7 whereas it was not possible

calculate the Sl indices for pH 8.5 and 10 as Feeotration was under detection limit. 1

solubility of Pb was controlled by cerussite at pH 7, 8.5 andSl00.40, 0.50 an«-0.43,

resp.) whereas that of Ca by calcite at pH 8.51n(5I:-0.64 and 0.43) after 216 h. Zn we

controlled by layer double hydroxides and smithsom@it pH 7 (SI:-0.92 and-0.62), by
zincite at pH 8.5 and 10 (SP.39 anc-0.56), and by zinc hydroxide at pH 8.5 (SI: 0.08¢r

216 h. Meanwhile, hydroxides of Fe, Pb and Zn amidant solubility controlling phases

pH 7, 8.5 and 10 under nitrogen atmosphere (Tale

Page | 136



CHAPTER 6

Table 6.4. Saturation indices (SI) of solubilityntmlling phases of major elements (LBF
slag).

LBF under open-air atm pH 7 pH 8.5 pH 10
Elements Mineral phases Formula 24h 216h 24h 26 24h 216 h
Pb Cerussite PbGO 0.214 0.404 0.483 0.506 -0.732 -0.429*
Ca Calcite CaCe® - - -0.659 -0.635 1.291 1.034
Smithsonite ZnCQ - -0.916  0.07 -0.231
Zinc layer double hydroxide  Zn-Al LDH - -0.617 - - - -
o Zincite ZnO - - -0.217 -0.385 -0.465 -0.562
Zinc hydroxide Zn(OH) - - 0.041 0.08
LBF under nitrogen atm pH 7 pH 8.5 pH 10
Elements Mineral phases Formula 24h 216h 24h 26 24h 216 h
Fe Iron hydroxide Fe(OH) - - -0.095 -12.91 -0.544 -0.066
Pb Lead hydroxide Pb(OH) 1.23 1.328 2.019 1952 2810 2.770
Zn Zinc hydroxide Zn(OH) - - 0.046 0.098 -0.989 -0.769

Note: * refers to Sl index at 168 h, suggesting tha precipitations of such phases can take place
earlier than 9 days.

Table 6.5 gives the species distribution and thiibddy controlling phases of major
elements during ISF weathering under both atmogsheUnder open-air atmosphere,
amorphous iron hydroxide is the only phase contiglsolubility controlling phase of Fe (SI:
1.218) at pH8.5 whereas it was not possible toutaie the Sl indices for 7 and 10 as Fe
concentration was under detection limit. The sdiiyoof Pb was controlled by cerussite at
pH 7 to 10 (SI: 0.25, 0.51 and -0.46) whereas dh&a by calcite at pH 8.5 and 10 (SI: -0.43
and 0.89) after 216 h. Zn was controlled by smitiitecat pH 8.5 (SI: -0.63), by zincite at pH
8.5 and 10 (SI: -0.82 and -0.85), and by zinc hyudi® at pH 8.5 and 10 (SI: 0.53 and 0.33)
after 216 h. Meanwhile, hydroxides of Fe, Pb andaZe dominant solubility controlling
phases at pH 7, 8.5 and 10 under nitrogen atmosghable 6.5).
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Table 6.5. Saturation indices (Sl) of solubilityntmlling phases of major elements (ISF
slag).

ISF under open-air atm pH 7 pH 8.5 pH 10

Elements Mineral phases Formula 24 h 216 h 24 h 216 24 h 216 h

Fe Iron hydroxide Fe(OH) - - 0.288 1.218 - -
Pb Cerussite PbGO 0.019 0.252 -0.471 0.506 -1.580 -0.458
Ca Calcite CaCe® - - -0.822 -0.431 0.798 0.891
Smithsonite ZnCQ - - -0.930 -0.629 - -
Zn Zincite ZnO - - -0.322  -0.819* -0.018 0.849*
Zinc hydroxide Zn(OH) - - 0.395 0.533 -0.574 0.325
ISF under nitrogen atm pH 7 pH 8.5 pH 10

Elements Mineral phases Formula 24 h 216 h 24 h 216 24 h 216 h

Fe Iron hydroxide Fe(OH) - - 0.334 1.338 0.288 1.218
Pb Lead hydroxide Pb(OK) -1.167 1.355 -0.127 1.174 2.679 3.267
Zn Zinc hydroxide Zn(OH) - - 0.431 0.306 -1.262 -0.533

Note: * refers to Sl index at 7 days, suggestirag the precipitations of such phases can take place
earlier than 9 days.

6.3.5.TEM analysis

A mixture of Ca, Pb and Zn carbonates are the nsgoondary precipitates observed after 9
days of leaching LBF slags and ISF slags at pHd7l@nh(Figures 6.4 A, B, C and D). These
carbonate phases consist of 80-90% of Ca, 8-17®bp0.8-1.6% of Zn at pH 10 for both
slags (Figure 6.4 C & D) whereas it was impossibldo the EDS analysis on the chemical
composition of carbonate at pH 7 due to lesser tifyaMot only nearly-well crystallized but
also amorphous carbonates were observed at pH i@G0r¢F6.4 C & D) where their sizes
range from 10 to 100 nm. The X-ray microdiffractiamalysis of the well-crystallized part of
carbonates indicated calcite as the possible catbanineral.
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ISF at pH 7 (B)

LBFatpH 7 (A)

Pb,Zn&Ca
Carbonate

Thin carbonate layer
of Pb,Zn & Ca

Crystalized carbonate ||

ISF at pH 10 (D)
of Ca,Pb & Zn &

Crystalized carbonate
of Ca,Pb& Zn

Amorphous
carbonate

Amorphous
carbonate

“Sonm “Sonm

it
Figure 6.4. Precipitation of carbonate phases uapen air atmosphere during weathering of
LBF and ISF slags at pH 7 (A and B), and at pHQ@d D).

6.4.Discussion
6.4.18°°Zn variation in primary mineral phases

Zn dissolution and its signature can be relatedst@rimary mineral phases present in each
slag (Tables 6.2 and 6.3). Zn included in crystallphases such as spinels (Table 6.2) and
silicates phases (Table 6.3), were more resis@anwdathering comparing to amorphous
glassy phase of both LBF and ISF slags (Yin et28l14). Dissolved Zn concentrations and
associated isotopic signatures under nitrogen gihews are thus useful to extrapolate the
8°%Zn value in amorphous glassy and crystalline phd=s=sause the potential fractionation of
zinc isotopes induced by newly formed secondarysebdmainly oxides and carbonates, see
section 6.3.3 and 6.3.4), is prevented.

6.4.1.1. 8°°Zn signature of amorphous glassy phase

Both LBF and ISF slags are made of amorphous glpsage (80% and 84% in v/v, resp.),
the dissolution rates of Si &) from both slags under nitrogen atmosphere arepeoad to
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the theoretical amorphous rates according to pigufei 6.5A). At pH 7, these values were
found to be particularly consistent, with -9.73 afi6.37 mol.rif.s* for LBF and ISF slags,
resp. and -10.11 mol:fis* for the amorphous Si theoretical value (Carrollet2002). Thus,
one can assume that the leaching of amorphousygtésse of both slags were dominant at
pH7. In addition, the linear correlation observetween log@, to and logQ; (Figure 6.5B &

C) indicates that the dissolution of Zn is strondgpendent upon that of Si dissolution, and
thus controlled by the dissolution of amorphoussyaphases of LBF and ISF slags at pH 7.
Therefore, theés®®Zn signatures measured i, Meachate at pH 7 can be linked back to the
isotopic signature of amorphous glassy phases ih blags: the most probable range lies
between -0.42%. for LBF and between -0.35%. for IBigre 6.5D). Thé®°Zn values at the
end of the experiment (24 and 216 h) are omittechfthe consideration in order to eliminate
the effect of fractionation induced by possible toydde precipitation.
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Figure 6.5. (A) Theoretical and experimental logsdiution rates of Si, (B & C) Correlation
between log dissolution rates of Zn to Si in LBRIASF slags, and (D)°°Zn signatures of
amorphous glassy part of slags.
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6.4.1.2. °°Zn signature of crystalline phases

As LBF and ISF slags contain 80 to 84% of amorplglassy phases (in v/v) and 4 to 19% of
crystalline phases, in which 78 to 82% of total\dere embedded in amorphous glassy part
whereas 18 to 21% of Zn were in the crystallinesghaf the slags. Based on the estimated
8°%Zn signature (section 6.4.1.1) and concentratioZrofin amorphous glassy phases, the
corresponding crystalline phas#Zn values can be calculated by a mass balanceniolip
Eq. (6.2):

[Zn]Slag * 5662n51ag = [Zn]Gl * 566ZHGZ + [Zn] Crys * 666anrys Eq- (6-2)

Where [Znkiagis the concentration of total Zn in LBF and ISEn]g is the concentration of
Zn in amorphous glassy phase whereasd«di$ that in crystalline phases of slefﬁ§2n5|agis
the bulk Zn isotope signatures of slags wheB8&2ng, is the signature of Zn in amorphous
glassy part and‘sGchrys is the signature of overall crystalline phases@néin the slags.

Although LBF and ISF slags contain a wide rangergétalline phases (Tables 6.2 and 6.3)
overall signature of overall crystalline phases<adculated and given in Table 6.6. These
estimated isotopic signatures lie between 2.12%4 Bif and 5.74%o. for ISF (Table 6.6). The
calculated Zn signatures of crystalline phasesbeaaccounted for spinels: magnesiochromite
(MgCr,0,), franklinite (ZnFeO,), magnetite (FEFe**,0,) in LBF; zincochromite (ZnGOs),
gahnite (ZnAO,) in ISF; and for silicates phases; hardystoniteeZ8SL0O;) and willemite
(Zn,Si0y) for both slags.

Table 6.6. Chemical composition of silicates in L&#d ISF slags.

Zn concentration (mM g*) 8°°Zn signature (%o)
[ZN] siag [Zn]ai [Zn] crys 8°Zngyi 8°Zng 8%°Zncrys
LBF (6 h N, atm) 1.31 1.03 0.28 0.127 -0.42 2.12
ISF (6 h N atm) 1.05 0.86 0.19 0.775 -0.35 5.74

6.4.2.6°Zn fractionation induced by geochemical processes
6.4.2.1. 8°°Zn fractionation due to dissolution processes

During the early stage of weathering, the modifaraf the glass network in relation to the
leaching of cations take place (van Hullebuschlgtim press; Yin et al.,, 2014), and ion
exchange mechanisms can be depicted as follows:

-Si-O-Mgiassi+ H'(ag) > ~Si-OHglass+ M (aq) (6.3)

-Si-OH + -Si-OH«> -Si-O-Si+ HBO (6.4)
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According to reactions (6&3%.4), hydrolysis initially take place (6.3wvhich profoundly
modify the silicate network by attacking bridgingnis (S-O-M) and the subsequerelease
of the silanol groups (SBH) leads to the production of siloxane bonds-O-Si), thus,
condensation reaction occu6.4). Both hydrolysis and condensation reactions argrolled
by the solution’s pHs. Hydrolysis of glass netwaKavored inboth acidic and alkaline pH
however, hydrolysis kinetic is much faster undediaccondition. Similarly, the condensati
reaction which can take place before the compledibhydrolysis is favored in both acic
and alkaline pHs, however, condense kinetic is much faster under alkaline conditic

Consequently, the competition as a function of peEsveen these two processes affectec
dissolution of Si as well as Zn, from amorphousgjamatrix of both slags. This may expl
why the first dropof leachate displayed highly fractionated Zn ise®signatures as
function of pHs during early stage of weatheringhjéas shown in Figur6.6. If hydrolysis
governed leaching conditions (low pHs), thus a hdgsolution of Zn with a less fractionat
Zn isotopes signatures from slag to leachate is@ep. On the other hand, if condensatic
the dominant leaching reaction (high pHs), ivors less dissolution of Zn with high
fractionated Zn isotopes signatur

LBF under nitrogen atm (A) ISF under nitrogen atm (B)
0.50 1.00
Bulk signature range
0.80
0.00 - o
3 0.60 - y
AY Ay
\\ z \‘
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0.0 0.1 1.0 10.0 100.0 0.0 0.1 1.0 10.0 100~0
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Figure 6.6. Highly fractionated Zn in the leachdteging early stage weathering (A) LBF
slags and (BISF slags under nitrogen atmosph

6.4.2.2. $°°Zn fractionation due to sorption(s) processes

Under oxidative weathering conditions, the presearfcexygen and carbon dioxide leads
the formation of secondary phases such as oxigesoxides and carbonates, after 9 day
slagwater interaction time. Zn isotopes fractionatican be expected via precipitati
processes, either when Zn precipitated itself a®,Zan(OH,, ZnCQG;, when it was co-
operated during precipitation of (Fe+Ca+Pb+Zn3 or, finally, via adsorption process or
the iron oxides. The fractionation of Zn ispes due to these processes can be identifie
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comparing thes®®Zn signatures measured during oxic experimentfidset measured under
anoxic weathering experiment, where no secondaaggdhwere formed and thus no effect of
oxide and carbonates 6f°Zn is expected.

Fe oxy(hydr)oxides and Zn-Al double layer hydroxide. A significant difference can be
observed in thé°®Zn signatures between two atmospheres during temidal weathering of
LBF and ISF slags at pH 7 (Figure 6.7). The LBFchedie displayed significantly lighter
signature under open-air than under nitrogen atirergs (-0.96%. and -0.27%o, resp.), after
24 h of leaching time. The corresponding big daﬁ%nmtm_open,ambetween two atmospheres
is 0.70%o(Figure 6.7A), which could be related te thrmation of ferrihydrite (FeOOH), the
only secondary phase actually observed at pH7 ebhdén adsorption onto 2-line ferrihydrite
at pH 7 was shown to indu@€®Znserved-solutiondf 0.53 +0.07%o by Juillot et al. (2008), which
is in strong agreement with the big fractionatidiserved in the present study between two
atmospheres. ThiAGGZnNitm-open_atmcontinues increasing with interaction time, uplt&%o
after 216 h (Figure 6.7A). At this step of the expents, PbC@®and Zn-Al LDH phases, in
addition to FeOOH, were predicted to form by VisNHNTEQ and truly observed by TEM
(Figure 6.4A). Thus, the isotopic fractionation eb&d could be due to the combined effects
during formation of double layered Zn-Al hydroxidas well as adsorption of Zn onto
FeOOH and partial cooperation of Zn during Ph@€cipitation, to reach a finaf®zZn value

of -1.65%o.

On the other hand, the ISF leachate displayed aigfifZn values after 24h under both open-
air and nitrogen atmospheres (-0.45%. and -0.51%g.yebut significantly heavier after 216
h; from -0.45%. to 0.05%. under open-air atmosphseravall as from -0.51%o. to 0.50%0 under
nitrogen atmosphere (Figure 6.7B). These heavigmasures could be due to the partial
dissolution of crystalline phases (spinels, siBsator speiss) over the long periods of time
regardless of the atmospheres, for whithanc,,s has been estimated to 5.74%.. In addition,
this shift toward heavys®®Zn signatures is less pronounced for theopen-aitosphere
experiment (from -0.45 to 0.05%.), with a correspiogdA%ZnNitro-open,atm between the two
leachate of 0.5%. after 216 h of interaction (FigaréB). Again, this difference could be due
to PbCQ precipitation, where partial cooperation of Zn wasenfirmed by TEM
(Figure 6.4B).

Zinc hydroxidesprecipitation. Significantly light5°®Zn signatures were observed during the
chemical weathering of LBF and ISF slags at pH driObbth atmospheres (Figure 6.8). The
LBF leachate displayed constantly light signatufesl10%o to -2.35%0) under nitrogen
atmosphere, which could be due to the rapid pretipn of Zn(OH) (Figure 6.8A). More
than 90% of Zn removal can be expected from toiasalved Zn concentration via
precipitation of Zn(OH) within 10 mins of reaction time (Chen et al., 2008 addition to
the Zn(OH), the co-precipitation of Pb and Zng®@bserved under open-air atmosphere after
24h, probably contributed to even lighter signat{a®283%.). The 24h big delta between the
two atmospheres 5°°Znyjio-open atri0-59%o.

On the other hand, the leachate during weatherinipe slags displayed constantly light
signatures; from -0.28%o to -0.51%0 under nitroganagphere, and -0.22%o to -0.42%. under
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open-air atmosphere (Figure 6.8B). Even though &bion of various carbonates phases as
well as hydroxides phases were predicted by VIBUAITEQ, none of the carbonates phases
were observed under TEM analysis. Thus, thesees@fhatures between two atmospheres
could be linked to two eligible secondary phasehbjclv were both thermodynamically
predicted and observed: Zn(QHpnd Fe(OH) The fate of Zn during hydroxides
precipitation remains hard to confirm: these phases either precipitate separately, Fe and
Zn can co-precipitate, or Zn can be adsorbed oe(®@R). If Zn(OH), precipitate separately,
the induced signature of -2.10%. (Figure 6.8A) ia #olution where as adsorption of Zn onto
FeOOH induced signature of -1.00%. (Figure 6.7A)isitmore likely that partial Zn co-
operation inside during precipitation of Fe(QH)
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Figure 6.7. (A) Fractionation induced by FeOOH, Pg@nd Zn-Al LDH during weathering
of LBF, and (B) Fractionation induced by Pb§@uring weathering of ISF.
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Figure 6.8. (A) Fractionation induced by Zn(QHyb/ZnCQ during weathering of LBF, and
(B) Fractionation induced by Fe/Zn(OHPb/ZnCQ during weathering of ISF.
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Carbonateprecipitation. An important difference can be observed in 88%&n signatures
between two atmospheres during the chemical weathef LBF and ISF slags at pH 10
(Figure 6.9). The LBF leachate displayed signiftbarlighter signature under open-air
atmosphere than under nitrogen atmosphere(-1.28%0-@15%0, resp., Figure 6.9A). A
similar trend is observed for ISF leachates, witiglater signature under open-air atmosphere
compared to nitrogen atmosphere (-0.27%. and 0.88%g., Figure 6.9B). Tha®Znyivo-
openam are 1.13%o. and 1.12%. for LBF and ISF, respectivelfter 216h. The potential
formation of CaC@ PbCQ, ZnO and Zn(OH)are suggested by Visual MINTEQ, however,
only co-precipitation of Ca, Zn and Pbg@as confirmed by TEM (Figure 6.4C and D).
Thus, the fractionation could be induced by co-mitation of Ca and PbCOwith partial
cooperation of Zn inside with rather consisteq‘??ZnNitm-open,atm values (1.13%o) for both
slags.
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Figure 6.9. Fractionation induced by Zn cooperatioside co-precipitation of CaGénd
PbCQ during weathering of LBF (A), and that of ISF (B).

6.4.3 Fractionation factors from slags to leachate

Zn isotopes fractionation observed during chemveadthering of LBF and ISF slags were
induced by the changes in pH, and the effect dexiht atmosphere. The corresponding
fractionation extenA662n5|ag_|eachatJrom slags to leachate is summarized in Table Bufing
chemical weathering of LBF slags, the highest Dtoges fractionations occurred at pH 4
and 5.5 under nitrogen atmosphere, and at pH 7@&ndntler open-air atmosphere. This
difference could be reasonably explained by theomudion of Zn onto FeOOH, patrtial
cooperation of Zn inside PbGOand formation of Zn-Al LDH at pH 7, as well as
(co)precipitation of ZnC@ along with Ca and PbCGQOat pH 10 which induced higher
fractionation. On the other hand, the fractionatieas consistent at pH 8.5, where Zn(@H)
precipitation is dominant, regardless of the effeicatmosphere. During weathering of ISF
slag, the fractionation of slag to leachate ishglighigher at pH 7 and 8.5 under open-air
atmosphere which could be due to the partial cadmer of Zn inside PbCg&at pH 7 and co-
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precipitation Fe and Zn(Oklat pH 8.5. In addition, the (co)precipitation aiO; with Ca
and PbCQ@induced much higher fractionation under open-arosphere at pH 10.

Table 6.7. The fractionation of Zn isotopes fromgsio leachata®°Zngag eachate

A®*ZNgag seachaePer mil for LBF slags A%*ZNgag teachaeP€r Mil for ISF slags

pH Open-airatm SD Nitrogen atm SD Open-air atm SD Nitrogen atm  SD

4 0.05 0.03 0.21 0.07 -0.11 0.02 -0.03 0.02
5.5 0.14 0.05 0.49 0.30 0.45 0.33 0.02 0.13
7 1.46 0.35 0.40 0.14 0.94 0.26 0.90 0.54
8.5 2.70 0.40 2.36 0.13 1.38 0.50 1.18 0.12
10 1.45 0.10 0.83 0.48 1.32 0.53 0.57 0.69

6.5.Conclusion

Zn isotopes were significantly fractionated durstgemical weathering of both LBF and ISF

slags. The extent of fractionation was greatlyueficed by changes in solution pHs (heavier
signatures at low pHs and lighter signature at tp#ts); leaching time (lighter signatures

during 6 h of leaching compared to heavier sigratatr 216 h); different atmospheres

(fractionation induced by secondary precipitateschsuas oxide, carbonates and

(oxy)hydroxides under open-air atmosphere vs. hydes under nitrogen atmosphere). In

addition, the signatures of primary phases of slagse extrapolated where the amorphous
glassy signature lies -0.42%0 for LBF and -0.35%. IBF, whereas the overall crystalline

signature lies2.12%. for LBF and 5.74%. for ISF.
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CHAPTER 7

Chapter 7

7.1.Introduction

Metallurgy of non-ferrous materials, especiallydddast furnace (LBF), is known to generate
huge amounts of primary smelting slags (Vergut©520They are unwanted metallurgical
wastes whose grade is too low for further treatnaam of low economic value in spite of
being a significant component of waste streams fnom-ferrous metallurgical industries. As
they are usually dumped in the vicinity of the siingl site and accumulated for long periods
of time, they are exposed to the open atmospheateaanfalls, and are thus susceptible to the
weathering which consequently could result in thetahleaching (Piatak and Seal, 2010). In
northern France, about 4 million tons of these midly hazardous materials have been
landfilled in the industrial basin of Nord-Pas-dak&is. Several studies have mentioned the
risk associated to the release of toxic compournydthése wastes (Barna et al., 2004; Ettler
and Johan, 2003b; Lima and Bernardez, 2011; Pamsioak, 2001; Piatak and Seal, 2010;
Seignez et al., 2006). LBF slags generated inrdastrial basin of Nord-Pas-de-Calais are
granulated materials equivalent to a glass-ceramicin Zn (10-12 wt%), Pb (0.5-3 wt%)
and other elements such as Cr, Cd, and As presdotver amount (Seignez et al., 2006).
Crystalline phases (spinels and wustite) containddBF slags are generally stable in batch
and open flow experiments. In contrast, fayalite e®#0,), melilite
(Ca,Na)(Al,Mg,Fe*")[(Al,Si)SiO;], sulfides, glass matrix and metallic Pb droplets often
partially or totally dissolved (Ettler et al., 200Zenerally, the altered layers are relatively
enriched in Si, Fe and Al. Exposed to weatherifg itron—silica—lime glass matrix is
progressively depleted in alkali and alkaline-eagtements, e.g. Na, K, and Ca. Other
elements (e.g. Pb, Zn) can also be noticeably setedEttler et al., 2001). In oxidizing
conditions, Fe (Il) ions contained in the glassriraire usually transformed into Fe(lll) and
remain in place (Mahé-Le Carlier et al., 2000).

Considering the potential hazards that the slagsdast emitted by the furnace waste residues
may represent, a large number of works were intedes their fate in landfill conditions
(Mahé-Le Carlier et al., 2000), in soils or sokdienvironments (Ettler et al., 2004; Sivry et
al., 2010; Sobanska et al., 2000) and in othergowsropen flow (Seignez et al., 2006;
Seignez et al., 2008; Sivry et al., 2008) or bdttler and Johan, 2003b; Ettler et al., 2002)
experiments. However, few studies have focused henrole of microorganisms in the
weathering of these materials (Willscher and BosecR003). For instance, previous studies
have suggested that the microbial activity influsnthe weathering process and thus the rate
of leaching of potentially toxic elements (Chenglet 2009; Willscher et al., 2007).

The deterioration of minerals and materials of espghgenic origin (stained glasses, cements,
blast-furnace slags) depends partly on the presehoeganic or inorganic compounds and
micro-organisms (Uroz et al., 2009). Banerjee angtMenbachs (2003) have pointed out that
bacteria accelerate the deterioration of marin@lbaglasses due to the observation of “hair
channels” that could represent bacterial activitgother aspect of microbial activity is the
potential toxic metals sequestration by the bamtemd the exopolymers they produce
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(Guibaud et al., 2012). Apart from some well-defirmases, such as the biodeterioration of
stainless steel or concrete cement in sewer pipémtterial strains such as Acidithiobacillus
genus (Herisson et al., 2013; Okabe et al., 200BeRs et al., 2002), the exact role of micro-
organisms remains to be deciphered. The princigtuty is to determine whether the
degradation observed under the layers rich in divimicro-organisms are due to microbial
action (acidification, complexation), or is simpyplained by the higher water retention of
these layers (Uroz et al., 2009). Micro-organisnesy ranly benefit from the availability of
water and nutrients produced by pure physicochdmézctions (dissolution, precipitation,
sorption reactions) without actively acceleratirgedioration processes. LBF slags have been
open-dumped in the vicinity of the lead smeltemsaddition, these slags have been deposited
on soils (Douay et al., 2008) and significant antafrslags have been removed from dredged
sediments of the nearby passing river (Vdovic et 2006). Thus, the experiments were
designed to simulate the weathering conditions witke slag comes into contact with the
water and bacteria. As sediments and soils corgasignificant amount of biodegradable
organic matter, one might expect that heterotrophiteria are the predominant active micro-
organisms.

The present study aims to investigate the effechaitrotrophic bacteria on the aqueous
weathering of LBF slags. Pseudomonas aeruginosa beas chosen as a proxy of
heterotrophic bacteria as this bacterium is wetin for its affinity towards Fe and iron
scavenging by production of siderophores possilsly svolved in enhance solubilisation of
metals such as zinc and lead (Schalk et al., 20%B .leachate chemistry was studied and the
rate of elemental release during bacteria-slaggantions was determined under laboratory
scale conditions. A specific focus was given onana&lements involved in the FeO-$i0O
CaO glass matrixand trace elements (Pb and Znhn8aa Electron Microscopy (SEM) with
Energy Dispersive X-Ray Analysis (EDX) has beenduse characterize fresh and altered
slags in order to give insights regarding the meidms of alteration of the slag mineralogy
and the formation of secondary mineral phases.Viteal Minteq software was further used
to model the leachate chemistry.

7.2 .Materials and Methods
7.2.1.Chemical composition of the slag

The slag contains eight major and minor elementshasvn in Table 7.1. It is mainly
composed of an iron-calcium and silica matrix: £24(g kg'), Si (101 g ki) and Ca (140 g
kg?) where the matrix is significantly enriched in mist Zn (85 g kg) and Pb (31 g K9.
Along with the major elements, trace amount of Ba, Cd, Cr, Cu, Mo, Na and Ni are
present as well.
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Table 7.1. Chemical composition of lead blast fumalag, based on X-ray fluorescence
spectrometry (XRF) & acid digestion analysis.

Mai | ts ( k'@ Al Ca Fe Mg Mn Pb Si Zn

ajor elements

J g 11.0 139.5 224.2 10.5 5.4 30.7 100.8 85.0
As Ba Cd Cr Cu Mo Na Ni

Trace elements (g Ky

0.05 5.53 0.01 055 0.78 0.18 4.15 0.07

7.2.2 Standardized leaching tests procedures

Simple extraction experiments were conducted adegrid standardized short-term leaching
protocols proposed by the EU and US EPA (EuropearmnEN 12457 and Toxicity
Characteristic Leaching Procedure ~ TCLP, respelglivTheir main objective was to assess
the hazardous properties of slags with respecegaolatory limits defined by the European
Committee for Standardization (CEN) and by the USE®r EN 12457 and TCLP,
respectively (more information is given in the sogiimg information). No micro-organisms
were inoculated in these experiments.

7.2.3 Abiotic and biotic leaching experiments

Three different experimental conditions were iniggged: ultrapure water (UPW), sterile
growth media (GM) and growth media with bacteriaVi&B). Pseudomonas aeruginosa
(strain no. CIP 105094), purchased from the Inst#asteur (Paris, France) was used in the
bioweathering experiments. The standard succina@ium was used because it was known
to permit the synthesis of greater amounts of sjplerres for Pseudomonas species (Rachid
and Ahmed, 2005), but also allows to quantitativadyermine the amounts of major elements
solubilized during alteration studies (Aouad et &005). One liter of growth medium
modified from (Aouad et al., 2008) was composedi)o# g of succinic acid-gHsO4 (ii)) 1 g

of ammonium sulfate-(Nk),.SQ (iii) 1 g of sodium phosphate dibasic-{R#O, (iv) 6 g of
Tris buffer-GH11NOs. Finally, the medium was adjusted to pH 7.8 udia@H. In parallel to
biotic experiments, abiotic experiments were penkd in both UPW and sterile GM. The
experiments were duplicated and were conductediagraashed polycarbonate bottles for a
time horizon of 4 to 8 months. 2.5 g of crushed Sample (about 2 mm diameter size) were
placed in 75 mL of each leaching solution to ob&id'S ratio of 30. Reactors were placed at
room temperature (22+2°C) on horizontal shakers1@ rpm). 5 mL of leachate were
periodically sampled, and replaced by an equivabmmntity of corresponding leaching
medium to maintain the L/S ratio constant.

7.2.4Thermodynamic modeling

In parallel to the leaching experiments, the chameguilibrium code Visual MINTEQ v3.0
was used to calculate the saturation indexes andetify the possible phases controlling
solubility. The elemental concentrations measurednfthe different leaching media were
input into the model. Besides, the temperature kegd constant at 25°C, the oversaturated
solids were not allowed to precipitate, and the, @@rtial pressure fixed at 396 ppmv. The
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model outputs from UPW and GM were used to studyitifluence of carbonation and the
effect of the growth medium composition. Likewisige model outputs from GM and GM+B
media were used to study the effect of bacterithenmetal speciation.

7.2.5Analytical methods

Surface morphology of both fresh and weathered EBfples were examined using SEM
(Ultra 55 ZEISS) operating at 15 KeV. Qualitativeemical analyses of the slags were
acquired by the acid digestion method and by Xfhagrescence (XRF) using Panalytical X
fluorescence spectrometer equipped with an Enelgpdbsive Minipal 4 (Rh X Ray tube-

30kV-9W) at a resolution of 150 eV (MnolX

Total concentrations of major elements (Ca, Fe,Z8i, Pb and Mg), as well as minor
elements (As, Ba, Cd, Cr, Cu, Mo, Na, Ni) were mead in the leachates by Inductively
Coupled Plasma Optical Emission Spectrometry (IES0OPerkin Elmer Optima 6300). The
leachates were acidified with HN@r the UPW and GM experiments and the samples fro
the GM+B experiments were subjected to an acidstiige step upon HCloaddition and
gentle heating. Note that all liquid samples walered on 0.2um polycarbonate filter
membrane prior acid treatments. The detection kvas typically 5-10 ppb for most elements
and the external precision of £5%. Quality assueased quality control (QA/QC) samples,
laboratory blanks, calibration check, and samplalidates were performed to ensure the data
quality and validity. In the biotic experiments, absorbance spectrophotometer was used to
monitor bacterial growth by measuring optical dgnsit 600 nm. The pH was monitored
using a “WTW pH 340i” pH-meter.

7.3.Results
7.3.1Standardized leaching tests

The leaching results of As, Ba, Pb and Zn followbwh EN12457 and TCLP procedures
were compared with the respective regulatory comagon levels of each leaching test
(Figure 7.1). Results from the EN 12457 leachirgg showed that concentrations of As, Ba
and Pb were generally below the limits imposeddfath non-hazardous and hazardous wastes
(Figure 7.1a). Likewise, the same trend was obskefwethe TCLP test (Figure 7.1b). There
was no regulatory limit set for Zn in both protodekts in spite of the high concentration
leached out. At the end of the leaching experimehtsfinal pH was around 6.& (.1) and

8.2 ¢ 0.2) in the TCLP and EN tests, respectively.
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Figure 7.1. Results of protocol leaching test (&) 2457, (b) TCLP and comparison with
respective regulatory concentration levels.

7.3.2LBF as micro-nutrients substrate for micro-organisns and consequence on pH
evolution

The fastest growth of Pseudomonas aeruginosa cabdsgved in the presence of LBF slags
with a maximum absorbance of 1.1 (Figure 7.2agdntrast, it hardly reached an absorbance
value of 0.01 in the absence of slags, showing paoterial growth. It can be concluded that
the microbial growth was not only possible, but w0 enhanced in the presence of slags,
these latter serving as (micro)nutrients source tf@r growth (Aouad et al., 2006). The
decrease in absorbance after 1000 hours incubatasm likely due to biofilm formation
around the LBF slags.

Starting from an initial value of 5.6, the pH o&tklPW solution gradually increased to 6.8 in
254 hrs before remaining stable throughout the w/ileaberiment (Figure 7.2b). On the other
hand, the initial pH of both the GM and GM+B sodutiwas equal to 7.8, a value exceeding
that of the UPW solution due to the presence ofSTRlUffer and to the initial pH adjustment
with NaOH (Figure 7.2b). The pH of GM remained dans$ around 7.7-7.9 throughout the

experiment, while in presence #fseudomonas aerugingsé increased up to 9.1 after
2057 hrs.
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Figure 7.2. (a) Growth evolution of Pseudomonasigiansa as a function of time with or
without slag, and (b) Evolution of pH in differemiedia.

7.3.3Leachate chemistry

The Ca concentration in GM+B was the highest, 8L compared to that in UPW and
GM, 5.6 to 8.7 mg I* (Figure 7.3a). The concentration of Mg leachedinugPW was the
lowest (i.e. 0.6 mg L), whereas it was 2 times higher in GM and GM+B iadde. 1.2 mg
L and 1.3 mg L, respectively, Figure 7.3b). The release of Siaihmedia increased
gradually with time as shown in Figure 7.3c. Thizase of Si in the presence of bacteria
reached maximum 6.1 mglLwhereas the maximum concentrations found in UP\W @M
was 2.9 mg [*and 5 mg [* respectively. The Fe concentration in UPW and Gas around
0.01 mg L (Figure 7.3d). In contrast, the concentration ofrFthe presence of bacteria was
much higher and varies between 0.4-1.6 rifgtiroughout the experiment. Zn concentration
in the presence of bacteria gradually increasen 6 to 1.5 mg L (Figure 7.3e). A similar
range was found in UPW (1.1-1g L) whereas GM had the lowest Zn concentration (less
than 0.5 mg ). A rather stable and gradual increase of Pb auraion, from 0.2 to 1.1 mg
L, was found in GM+B media as shown in Figure 7\6reover, the Pb concentration in
UPW was higher than in GM (0.2-0.5 mg kersus 0.1-0.4 mg'l, respectively).
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Figure 7.3. Total concentrations in solution ofC&); (b) Mg; (c) Si; (d) Fe; (e) Zn and (f) Pb
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7.3.4Bulk release of the elements

At the end of the experiment, the cumulative amareintnajor elements leached out was
normalized per unit weight of LBF slag (Table 7.Bhe bulk release of Ca, Mg, Pb and Si in
GM+B was almost two times higher than those in URWaning that the presence of bacteria
significantly increased and enhanced matrix diggmuof glassy materials. The bulk Zn
release was almost the same in UPW and GM+B, wheheaFe bulk release was solely due
to the presence of bacteria.

Table 7.2. Cumulative bulk release of major elemémim slag after 6 months of alteration.

Cumulative leached out (mg ¢ of LBF)

Elements UPwW GM GM+B
Ca 2.16 2.50 3.83
Mg 0.12 0.25 0.27
Fe 0.00 0.01 0.33
Zn 0.40 0.16 0.37
Pb 0.11 0.24 0.22
Si 0.66 1.05 1.59

UPW: Utra pure water, GM: Sterile growth media &d+B: Growth media with bacteria

7.3.5.Thermodynamic modeling

In UPW, Pb solubility was mainly controlled by canate and hydroxide phases (Figure 7.4a)
and Si was controlled by quartz formation (Figurbj. For other elements including Zn, the
concentrations did not reach the saturation, thieir solubility was not controlled by

precipitates formation.
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Figure 7.4: Saturation indexes of solubility colling phases for Pb (a) and Si (b) in UPW

medium.
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In GM medium, phosphate was the main species dbntrahe solubility of Ca, Zn and Pb
(Figures 7.5a,c,d). Precipitation of these phasas favored as the saturation indexes were
ranging from 0.2 to 1.4. Unlike other elementsw@s controlled by the quartz concentration
(Figure 7.5b).
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Figure 7.5: Saturation indexes of solubility cotlingg phases for Ca (a), Si (b), Zn (c) and Pb
(d) in GM medium.

In the presence of bacteria, quartz was the maaseleontrolling Si (Figure 7.6a), whereas
Fe oxide related phases displayed high saturatidices (Figure 7.6b), meaning that Fe
solubility was not controlled by the precipitatiofn iron oxides. Ca and Mg solubility was
controlled by the formation of carbonate and phasphspecies (Figures 7.6c,d). Co-
precipitation of Mg and Ca in the form of dolom{gisordered) was possible, where calcite
can be the main carbonate species as vaterite iglaly linstable and it converted to Calcite
at low temperature (Anthony et al., 2005). Zn wadely controlled by 2 species: zincite
(ZnO) and zinc carbonate (ZnGO(Figure 7.6e) and Pb was only controlled by lead
phosphate (PbHP&) (Figure 7.6f). Thus, species controlling solupilivere specific to each
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element. For instance, only Pb solubility was coligd by carbonate and hydroxide as
Phs(CO;3)2(OH), and Pb(OHy in UPW, whereas in GM phosphates species weranidie
phase controlling the solubility of three elemer@s, Zn and Pb in the form of CaHRO
Znz(POy)2.4H,0O and PbHPQ® In GM+B medium, carbonate was controlling theubdity of
Zn, Ca and Mg in the form of ZnGOCaCQ and CaMg(CG).. Phosphate was controlling Pb
and Ca solubility as PbHRf and CaHPQs. Moreover, oxide was controlling only Zn as
Zn0O.
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Figure 7.6: Saturation indexes of solubility cofling phases for Si (a), Fe (b), Ca (c), Mg
(d), Zn (e) and Pb (f), respectively, in GM+B mediu
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7.3.6.Scanning electron microscope (SEM) analys
7.3.6.1. Surface morphology and physical characteristics diresh slac

Many white metallic lead droplets were found eitberthe surface or in sectional views
the slags as shown in Figuf&’. They consisted of either small or large ballsging from -

20 pgin size and sprawling all over the slag grain (Fé 7.7a). The large white metall
droplet (Figurer.7b) was mainly composed of metallic Pb up to 9t% along with the
presence of trace amounts of Sb always observetheitarge Pb droplets. The cu-cut

shape grey phase (Figuferb) was very rich in Fe (44.4 wt%), Cr (31.5 wtéfid Zn (15.¢
wt%), where the possible mineral phases can -Cr rich or FeZn rich spinel series such

chromite, franklinite, gahnite or magnetite (Deree2002). Both lead droplets and spi
phases were borne by ira@ilica-lime grey glassy matrix, in which Fe contributedtaB5.¢-

68.7 wt%.

Pb droplet *h

' A/Sloinel serie:
(]

%

FeO-SiO-CaO glass

Figure 7.7. Surface investigation of fresh slagS3sM, (a) global view of slags, (b) free le
droplet and mineral phases pres

7.3.6.2. Glass alteration and secondary precipitate

The surfacenorphology of LBF had significantly changed aftdoag immersion time in th
different media (Figures 7.8a,b,c). The alteratieas nor-uniform and mostly found at tf
edge, where there was a contact between the leaofedium and bacteria. The glaurface
alteration layer in UPW medium (Figt7.8a) was more porous compared to other m
(Figures7.8b,c). Close to the edge, some zones were visiigred in GM mediur
(Figure7.8b). Likewise, diffusion on the edge of the maaind highly fractureiglass surface
can be observed in GM+B medium (Fic 7.8c). For the overall conditions, the leachinc
metals from the matrix led to the creation of m-canyons on the glass surface as seen
media (Figured.8a,b,c). This complied with the findi of Seignez et al. (2008) showing tl
dendritic Fe oxides appeared to be very stablegshamce they were protuberant object
the weathered glass surface.

In UPW, the formation of a white thin crust, motely cerussite or hydrocerussite w
observed (Figur&.9a), although it was difficult to differentiatativ SEM-EDS due to their
high tendency of breaking down under electron bedimich consequently enhanced -
amount of Pb in the analys(Gee et al., 1997)However, the formation of carbon:
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precipitates confirmed that carbonation mostly tptdce where the source of » could be
from the atmosphere in UPW. The formation of wrefdorescence and clusters of wh
grains observed in GM and GM+B (Figu7.9b and 7.9c, respectively), were hly
enriched in Fe, Pb, Ca, Zn and P which led to do®isdary phosphate precipitates. In &-
EDS analysis, the formation of carbonate with PIs whaserved in UPW while in GM al
GM+B, the formation of phosphate with Fe, Pb, Gal Zn was observed (Fices S-1a,b,c).
Thus, the weathering conditions and the presenceéheofbacteria induced the leaching
metals from the matrix, which consequently preatgd in the presence of complexing ag:
like phosphates confirming thermodynamic simulatiesults

Thus, the formation of lead carbonate in UPW (F& 7.9a) was confirmed by SE-EDS
analysis which was in agreement with the Visual tegnmodel (Figur 7.4a). Likewise, thi
phosphate was confirmed by both the SEM/EDS andtéddirmodel as the phase m
contributing to solubility control of Ca, Pb, Zn @M and GM+B (Figures 7 b and 7.9c and
Figures7.5 and 7.6) except that oxide and hydroxides foume not observed by SE-EDS
and the precipitation of Fe with phosphates wagpnedicted by the visuiMinteq model.

Figure 7.8. Surface investigation of LBF slags \weetd in (a) UPW, (b) GM, and (c) GMH
by SEM.
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Figure 7.9. Precipitation of secondary phases ok EBgs weathered in (a) UPW, (b) GM,
and (c) GM+B observed by SEM

7.4.Discussion
7.4.1 Environmental stability of LBF slag

Standardized tests (EN 12457 and TCLP) revealedthieaconcentration of As, Ba and Pb
were below the regulatory limits, meaning that tti&F~ slags can be considered as non-
hazardous wastes. Likewise, the concentration oB&s Pb and Zn leached with TCLP was
higher than the values in EN 12457 which was dubedifferent leaching media, acetic acid
in TCLP and UPW in EN 12457. In spite of the LBRgd stability regarding EN 12457
results, its environmental stability was reducedthe presence of organic complexation
agents, as displayed by TCLP results with acethte:elements were leached out at more
elevated concentration with possible potential tskhe environment. Therefore, open air
dumping or co-disposal of LBF with normal MSW laitidivas not appropriate as the slag
might potentially pose a risk to the environmentha presence of organic acids. Weathering
of slags present also an effect on pH, which roste final solutions from both TCLP and
EN tests (See Section 7.312), reflecting the oetwme of H consuming reactions commonly
occurring at the solid—water interface. The samenpmena were observed during leaching
test procedures of air pollution control residuesf secondary Pb metallurgy (Ettler et al.,
2005).
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7.4.2Influenceof abiotic factors on the LBF slags weathéeng

The concentration of Zn and Pb are higher in UP#tin GM (Figures 7.3 e & f), which can
be related to solution pH (pH = 6.8 and 7.8 in URWI GM experiments, respectively),
where the enhancement of metal solubility in acplit was a well-known process (Stumm
and Morgan 1996). The formation of possible secondgrecipitates of Zn
(Zn3g(POy)2:4H.0) and Pb  (PbHPY Pb(CQ) and Pb(OH) was indicated by
thermodynamic modeling and then confirmed by SEMSE&Nnalysis by co-localization of
these elements (Figures S-1a,b,c). Several of {hvesipitates (except Pb(OHas PbO) can
be directly observed on the altered slag’s surfabes, leachate information, thermodynamic
modeling and SEM observations gave consistenttesul the chemistry of Zn and Pb. Mg
showed a different behavior as its concentratiomtweven higher in GM than in UPW
(Figure 7.3b), which could be due to the preseriammplexation agents like phosphates, or
sulfate in GM. In contrast, thermodynamic modelsigpwed that the solubility of Mg was
governed neither by phosphates and sulfates.

7.4.3Influence of P. aeruginosa on the LBF slags biowedagring

Pseudomonas sp. needs Fe for its growth and iskeweWn for producing siderophores which
are involved in Fe complexation (Braud et al., 2088d Fe metabolic acquisition (Cornelis,
2010). The visual observation of fluorescent callso suggested the presence of siderophores
during the experiments, but this was not quantifiedis was the main reason why the Fe
concentration (i.e. solubility) was strongly enhedicin GM+B despite a high pH: 9
(Figure 7.3d). On the other hand, the Fe conceotran UPW and GM was around 0.01 mg
L™ (10 pg LY, which was very close to the detection limit & (5 ug L'). Fe extraction by
P. aeruginosa had probably weakened the bonditigedFeO-Si@Q-CaO glass matrix, which
possibly led to the high release of Ca. When megtions such as €aand F&" were leached
out from the matrix (Figures 7.3a,d), protons wexehanged back from the medium to the
solid matrix to maintain the charge equilibriumsuking in a quick pH rise from 7.8 t0 9.1 in
the presence of P. aeruginosa (Figure 7.2b).

Thus, the early stage of weathering was the maditio of the glass network in relation to
the leaching of F&, C&* and Md" ions which were further enhanced by the presefice o
Pseudomonas aeruginosa. This can be depicted folkbwing ion exchange mechanisms:

-Si-O-Mglassy+ H'(agy > -Si-OHgiassy* M (ag) (7.1)
-Si-O-Si+ HOw -Si-OH + -Si-OH (7.2)

Hydrolysis profoundly modified the silicate netwdply attacking bridging bonds (Si-O-M)
which consequently led to the release of elememtiseelded in silica matrix according to
reaction (7.1). The rupture of the four bridginghtie likely to surround a silicon atom in the
glass ultimately led to the release of orthosiliamd, (HSiOs)according to reaction (7.2).
This reaction depended on the nucleophilic charamtevater, and was thus facilitated in
basic media (Frugier et al., 2008). This explaimdty the increase in pH of GM+B has a
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strong influence on glass matrix corrosion andaase of solubility of Si. Quartz was the
main phase controlling the Si solubility phase east of amorphous silica, which was not
identified during SEM-EDS analysis meaning thas thhase was probably formed during
bulk liquid sample storage.

Silica network modification (reaction 7.1) had sfgrant effects on the release of Zn and Pb
from the LBF slag which were further enhanced l®y pinesence of bacteria. Unlike Zn, Pb
was present in the slag as free metallic dropleghly prone to oxidation and solubilization.
Zn and Pb were known adsorb onto bacterial cellsvaaid biofilms (Guibaud et al., 2006) as
well as to form complexes with soluble siderophdf&shalk et al., 2011) or EPS (Guibaud et
al., 2012; Guibaud et al., 2006). Sorption miglatypld a role in the extraction of Zn and Pb
from the LBF slag, however, complexation with sa#rores and EPS can only be accounted
for the high dissolved concentration of Zn and Blilee samples were filtered prior to ICP
analysis. In addition, formation of Zn and Pb ppéeites was not different with or without the
presence of bacteria meaning that this bacteriuch bt favor biomineralization or
bioprecipitation, but rather enhanced Zn and Phlsliies by sorption onto microbial cell
wall and complexation with microbial by-products.

7.5.Conclusions

Despite that LBF slags were not recognized as dangesolid waste based on EN 12457 and
TCLP, long-term alteration was strongly affected tme medium composition and the
microbial activity. The presence of phosphate m ghowth media was strongly affecting the
solubility of Zn, Pb and Ca. The thermodynamic gkltions corroborated the results of
SEM-EDS characterization (i.e. formation of phogpharecipitates in the bacterial growth
media and formation of carbonate precipitates & ulirapure water media). The microbial
activity played a significant role in LBF slags wering by enhancing the solubility of Zn
and Pb and thus contributing to the bulk releasdogic elements from the slags. The
solubilization of Fe by the bacteria through théesbphores production increased the total
dissolved iron solubility. The leaching of alkalieeements such as calcium and magnesium,
possibly due to the uptake and sorption by bactéthto a pH rise and, hence, to a more
intense release of Si from the slags glass madaxsequently, this enhanced the leaching of
other metals such as Zn and Pb embedded withisillca matrix. It can be concluded that
despite the alkaline nature of LBF slags, the preseof heterotrophic bacteria like P.
aeruginosa alone was capable to weather these afahdo increase the release of toxic
elements into the environment. This research, thiexehighlighted the high possibility of
LBF slags weathering phenomenon upon their comtabtheterotrophic bacteria.
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Chapter 8
8.1.Introduction

Metallurgy of non-ferrous materials, especially cssted with lead blast furnace (LBF)
processing, is known to generate huge amountsitofapy smelting slags (Verguts, 2005). In
northern France, for instance, about 4 million tohthese hazardous materials have been
landfilled in the industrial basin of Nord-Pas-dakiis (Sobanska et al., 2000). Several papers
have detailed the risks associated with the reledsexic compounds by slags and dust
emitted by LBFs (Barna et al.,, 2004; de Andrade d.iand Bernardez, 2011; de Andrade
Lima and Bernardez, 2012).

In light of this, a large number of studies haverbeonducted either in batch (Ettler et al.,
2002; Ettler et al.,, 2003a) or open flow (Seigndzak, 2006; Seignez et al., 2008)
experiments to study the fate of LBF waste produrctandfill conditions (Mahé-Le Carlier et
al., 2000) and in soils or soil-like environmenEtler et al., 2004; Sobanska et al., 2000).
The LBF slags are typically granulated glassy nia@teenriched in Zn (10-12 wt%), Pb (0.5-
3 wt%) and other toxic elements such as Cr, Cd An@Seignez et al., 2006). Exposed to
weathering, spinels and wuestite contained in LBigssare generally stable in batch and
open flow experiments. Thus, the FeO-S{@a0 glass matrix is progressively depleted in
alkali and alkali-earth elements, e.g. Ca, Na;ait/h other elements (e.g. Pb, Zn) can also be
noticeably released (Ettler et al., 2001; Yin ef 2014). In contrast, any fayalite, melilite,
sulfides, glass matrix and metallic Pb dropletsseng¢ in the slags are partially or totally
dissolved (Ettler et al., 2002). Under oxidizinghdaions, Fe(ll) contained in the glass matrix
is usually transformed into Fe(lll) and remainsbikta(Mahé-Le Carlier et al., 2000).
Generally, altered layers are relatively enriche&i, Fe and Al (Seignez et al., 2007).

To date, only few studies have focused on the @blmicroorganisms in the weathering of
LBF slags. This is important, as microbial activilfluences the weathering process and thus
the rate of leaching of potentially toxic eleme(@heng et al., 2009; Willscher et al., 2007,
Yin et al., 2014). Moreover, the deterioration datural secondary minerals as well as
materials of anthropogenic origin (stained glassements and blast-furnace slags) depends
partly on the presence of biogenic organic compseufé. inorganic or organic acids and
siderophores involved in acidolysis and complexslysand micro-organisms involved in
oxidation-reduction reactions (Uroz et al., 20009r instance, bacteria are well known to
accelerate the deterioration of natural glass nadtdike marine basalt (Banerjee and
Muehlenbachs, 2003). Moreover, Aouad et al. (2006hd that bacterial biofilms were able
to retain most of the elements present in the sysis they are constituted of polyanionic
polymers having a strong affinity for heavy metals.

Although studies have been conducted on the roleaoferial cells during the weathering of
solid mineral wastes (Anderson and Pedersen, 2088je is still a lack of data which
guantify the role of bacterial biofilms (i.e. thelleexopolymer-solution matrix) and the
degradation that occurs in abiotic (sterile) systeApart from some well-defined cases, such
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as the biodeterioration of stainless steel or atectement in sewer pipes by bacterial strains
such adAcidithiobacillus(Herisson et al., 2013; Okabe et al., 2007; Robedrtd., 2002), the
exact role of micro-organisms remains unclear.

In order to clarify the role of micro-organisms hgy the weathering of LBF slags, the present
study aims to investigate the effect of heterotrogiacterialPseudomonas aeruginoseas
chosen as a proxy) under relevant conditions reggrthe natural environment (i.e. close to
the natural weathering conditions of heap slags;7p8 and 23°C) in semi-flow through
reactors. Leachate chemistry is studied under biatiic and abiotic conditions, and the rates
of elemental release are determined during baes@a@ interactions for 140 days at the
laboratory scale. Major elements involved in theboaate—silicate geochemical cycle (e.g.,
Si and Ca) as well as life-supporting nutrientg.(é=e and Mg) and toxic metals (i.e., Pb and
Zn) are focused on. Finally, Scanning Electron scopy (SEM-EDS) was used to
characterize and compare fresh and altered glasedar to link the leachate chemistry and
the alteration mechanisms.

8.2.Materials and Methods
8.2.11 ead blast furnace (LBF) slags

The LBF slags studied were generated at the fotes&t-zinc smelter of Noyelles-Godault
(Northern France). These slags are granulated, gvéim sizes typically smaller than 2 mm,
having a log-normal size distribution dominatedtbg 500um class (Sobanska et al., 2000)
and varying from 100 pg to 5 mm at the most. Therayed elemental composition was
determined by Deneele (2002) and is displayed ibler'8.1. “Fresh” LBF slags typically
comprise 80% FeO-SyaO glass matrix by volume (of which PbQt.3 wt.% and ZnGr

11 wt.%) and 19% of crystalline phases. The finlo~consists of metallic lead droplets,
which vary in size betweenym and 40um (Deneele, 2002; Seignez et al., 2006).

Table 8.1. Bulk chemistfyof the LBF slag samples (n = 7) in oxide wt%.

TiO, SiO, Al,O5 FeO MnO MgO CaO GOs PbO ZnO

Wt (%) 0.22 26.38 2.54 26.5 0.84 191 22.92 0.04 3 4. 11.16

8.2.2 Bioalteration experiments

Bioalteration experiments were carried out in aladefined growth medium, allowing both
the growth of bacteria and the precise measureofghe elements solubilized from the slags.
Most conventional bacteria growth media containyvaigh base cation concentrations that
could potentially mask the effects of mineral digson. Therefore, the modified growth
medium used in this study is described by Aouadl.ef2005 and 2006) and contained, per
liter : i) 4 g of succinic acid-§HsO4;ii) 1 g of ammonium sulfate-(Nhb.SQy; i) 1 g of

Y reprint from Deneele, 2002
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sodium phosphate dibasic-}#Oy,; and iv) 6 g of TRIS buffer-gH,;NO3s. The medium was
adjusted to pH 7.8 using NaOH. As this growth mediis lacking iron, calcium and
magnesium to allow the growth of bacteria, it wapeeted that these elements would be
provided by the dissolution of the LBF slags, asvjpusly shown by Seignez et al. (2008)
when performing leaching experiments in ultrapueten

Three parallel weathering experiments were cawigdin duplicate, for 140 days at 23+2°C:
i) in ultrapure water (UPW), ii) in a sterile metiu(abiotic) and iii) in the presence of
Pseudomonas aeruginoghiotic). The experiment was designed in a way #ilwed the
successive cycles of bacterial growth with the fation of a biofilm and a possible alteration
layer at the surface of the materials (Aouad et28l06; Aouad et al., 2005). Precisely, 2.5 g
of slag grains (2 mm diameter size) were placed %50 mL polycarbonate flask filled with
75 mL of the three different media, which were aigitl at 100 rpm. Every 7 days, the reactor
was transferred into a new flask containing 75 rhhew medium, thus starting a new cycle.
The solids were collected at the end of each cyatestored for further analysis.

During each cycle, two liquid samples were takemfithe biotic medium: one was filtered
through a 0.2 pg pore size membrane in order t@verthe suspended bacterial cells and any
neoformed precipitates; this filtrate was labelkes "biotic dissolved sample”. It was then
acidified with 50 uL of nitric acid. The second gden(5 mL) was digested by adding 0.5 mL
H,0, (30%) and heated at 80°C for 30 min. It was ladaeds "biotic digested sample”.

8.2.3Sample preparation and analytical methods
8.2.3.1. Polished Sections

Polished sections of slag material (60 x 20 4nmere placed in semi-continuous batch
reactors to observe the mineralogical effects ag sllteration. Slags were only located on the
upper face of the sections and therefore occupi#@¥ 500 mnf) of each section. During
the polished section preparation, contact with watgs reduced to a minimum to avoid any
early alteration of the most reactive phases, saascthe Pb droplets. The different polishing
steps consist of a first lapping and successivésipaly using diamond paste. An alcohol-
based lubricant liquid was used to avoid contath wiater. After each step, the sections were
immediately dried with alcohol.

Both unaltered and altered slag sections (afteerguing alteration for 60 and 150 days)
were studied using an environmental scanning @eatricroscope (ESEM, FEI Quanta 200).
This instrument is equipped with a W electron seuat 20 keV and an X-ray energy
dispersive system (EDS) probe with a spatial re&niwf 1 um?>. The polished sections were
not carbon-coated and were inserted in the ESEMnbka in low vacuum mode<(0.45
Torr).
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8.2.3.2. Leachate Chemistry

The pH was constantly monitored in the solutionsioied from bioalteration experiments by
using a “WTW pH 340i” pH-meter. The metal conte@a( Fe, Mg, Mn, Pb, Si and Zn) was
determined by using inductively coupled plasma a&oemission spectroscopy (ICP-AES
Thermo iICAP 6000, Ecole des Mines de Douai, Frarespipped with an ultra-sonic
nebulizer. The external calibration was performethwa minimum of four standards before
the analysis, and quality assurance/quality cor(@A/QC) samples such as blank, sample
spikes, sample duplicates, and calibration checkpiss were included in the analysis.
Detection limits are 10 ppb for most of the elemsemtcept Pb and Zn (20 ppb), Si (50 ppb)
and Ca (200 ppb).

8.3.Results
8.3.1Leachate chemistry and cumulative release of chargaristic elements

Alteration of LBF slags induced changes in the dsam of the aqueous medium (Figure
8.1). The initial pH of the biotic medium was 8vhich gradually increased to 8.5 at the end
of the experiment, while the pH of the abiotic madiremained constant at 8.2. The pH of
the ultra-pure water (UPW) experiment also incrdasem an initial value of 5.6 to a final
value of 7.5.

The cumulative release of Si, Ca, Mg, Fe, Zn andrBim the alteration of LBF slags in
different media is demonstrated in Figure 8.1. Thmulative amount of Si released in the
UPW medium (Figure 8.1a) was only 0.2 mg within fingt 30 days, while the same amount
was released during the first 10 days in both bidigested and biotic dissolved media.
Moreover, the cumulative Si released in the presefidacteria was 1.5 times higher than in
UPW medium from 30 days to 120 days. The cumulaiveunt of Si released in the abiotic
medium experiment increased steadily but at a nhoasler rate throughout the experiment,
reaching ~0.3 mg after 140 days.

The cumulative amount of leached Ca gradually emed and reached 2.4 mg in UPW, 2.8
mg in the biotic dissolved medium and 3.8 mg in biaic digested medium after 140 days
(Figure 8.1B). Figure 8.1C shows that the amountigfreleased in the biotic digested and
biotic dissolved media is almost the same, arould &g during the first 30 days, which

later increased to 0.16 mg and 0.12 mg at the érnldecexperiment. The bulk release of Ca
and Mg was low and steady in the abiotic digestediom (Figures 8.1B & C).

In the biotic digested medium, the amount of Feaséd reached 0.3 mg during the first 30
days of alteration and 0.7 mg at the end of theeewpent (Figure 8.1D); this is much greater
than the UPW medium where almost no Fe was modilig#ssolved Fe in the biotic
dissolved medium is 3-3.5 times lower comparedhi® total iron measured in the biotic
digested medium, below 0.04 mg during the firstld@s of alteration, rising to 0.24 mg at the
end of the experiment. Iron concentrations arevib@letection limits in the UPW experiment
samples.
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The amount of Zn released gradually increasedtasatbn proceeded and reached 0.64 mg,
0.68 mg and 0.36 mg after 140 days in the UPWjddigested medium and biotic dissolved
medium experiments, respectively (Figure 8.1E). ammmunt of Zn mobilized by both biotic
media and UPW is up to 2.3 times higher than thahiotic medium. A steep increase of
cumulative Pb release in the UPW experiment is mieske during the first 40 days of
alteration. Thereatfter, it stabilized between 0zl 0.05 mg (Figure 8.1F). In the biotic
digested and dissolved medium the cumulate amdupb eeleased increased to a final value
of 0.076 mg and 0.02, respectively. Both Pb andel@ased in abiotic digested medium was
low and steady, reaching 0.02 mg for Pb and 0.1fongZn at the end of the alteration
experiment. After 140 days of alteration, Zn is @&ty present both in suspended and in
dissolved forms (Figure 8.1E), whereas only 20%otdl Pb is present in the dissolved form,
whilst 80% in suspended form (Figure 8.1F).
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Figure 8.1. Cumulative leaching of Si (A), Ca (Blg (C), Fe (D), Zn (E) and Pb (F)from 2.5
g LBF slags during aqueous alteration in UPW, ab@nd biotic solutions at 23+2°C.

8.3.2Leachate chemistry and cumulative release of chargaristic elements

The highest leaching rates observed in biotic degesnedium were at the beginning of the
experiments and started at 0.017 rifgfar Si; 0.07 mg @ for Ca; 0.0034 mgdfor Mg and
0.0095 mg @ for Zn (Figures 8.2A,B,C,E). The leaching ratesbintic digested medium
gradually decreased during the experimental pexod.006 mg @ for Si; 0.015 mg d for

Ca; 0.0005 mgd for Mg and 0.003 mgtfor Zn. In contrast, the leaching rates in UPW
show a sharp increase up to day 30, a smaller asethereafter to day 45 where upon they
remained stable for the duration of the experin{éigures 8.2A,B,C,E). Zn in UPW shows
the highest leaching rate, 0.008 mbyafter 30 days, after which it decreased to rerstihle
with an average of 0.006 mg dintil the end of the experiment.

The initial leaching rates of Fe and Pb in biotigested medium were 0.014 mg @nd
0.002 mg d, respectively (Figures 8.2D,F). The leaching raie$e and Pb continuously
decreased till the end of the experiment, as vighdther elements. The Fe concentration in
the UPW experiment is below the analytical detectimit, thus, the leaching rate of Fe
cannot not be reported (Figure 8.2D). The leachatg of Pb in UPW displays the same value
as the one in biotic digested medium during thet 20 days of the experiments after which it
decreased to a lower leaching rate (average 0D0®thg Pb d) (Figure 8.2F).
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8.3.3.Slags weathering

A characteristic picture of a LBF slag surface befalteration is given in Figure 8.
Typically, the SEM backscattered slag microgragimiswhite metallic lead droplets rangi
from 220 um in size, with spinel and dendrite embedded ih® glass maix. The spinel
mineralogy has been previously described by Seigeeal. (2007) and varies fro
magnesiochromite  (Mg@®,), franklinite (ZnFeO,) and magnetite (F'Fe>'0y)
compositions. Along with the Pb droplets and sngblurimicrometric dendriticZn
substituted wistite (Rgss—xZny O with 0.085 < x < 0.170) is observed in the giasdrix.

+«— Dendrite

Pb droplet - | ' ' j

Figure 8.3. Surface investigation of LBF slags befalteratior

The surface of the slags is significantly chang#drahe alteration experiments UPW
(Figure 8.4), abiotic growth medium (Figure 8.5fan biotic growth medium (Figure 8.€
The formation of lead carbonate as secondary plsasdserved on the surface of sl
incubated in UPW (Figure 8.4B). The slag glass matiows several mic-canyons (Figures
8.4A & 8.5A), while dendritic F-Zn oxides appear very stable since they are prodnbet
the surface of the glass (Figure 8.5A). Like deiriffe oxides, spinel phases are stabl
alteration and remain in place on the glass surin abiotic medium (Figure 8.5A), whi
lead droplets are either strongly weathered or detaly removed (Figui 8.5B). Figure 8.6A
shows the distribution of major elements on théasér of a strongly weathered glass, alte
in the biotic growth medium. he bacterial colonization and adhesion as a biofdnthe
surface of the slag can also be observed (Fig6i#)i

Page | 178



CHAPTER 8
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Figure 8.4. Alteration of LBF slags in ultrapure teramedium. A: overall slag picture
focus on a secondary mineral phase made ofcarbonate
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Figure 8.5. Alteration of LBF slags in the abioggowth medium. A: overall slag picture
focus on a hole where a Pb droplet was loc
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Figure 8.6. Alteration of LBF slags in the biotimgith medium. A: Elemental mapping w
Fe inyellow and Si in blue, B: slags surface showingetérial layel
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Table 8.2 shows the evolution of the elemental amsitpn of the slag glass matrix when
incubated in ultrapure water and biotic growth rmuedi SEM-EDS analyses of the glass
matrix shows that Ca is preferentially leached cmnpared to the other major elements.
After 60 days of alteration, the glass matrix inatgal in the biotic growth medium shows a
slightly lower content of CaO compared to the glassgrix incubated in the ultrapure water
medium. In the biotic growth medium, the glass mag progressively enriched in Si@nd
FeO and displays a decrease in CaO as functidredéaching time (Table 8.2).

Table 8.2. SEM-EDS analyses of fresh and alteragisginatrix when LBF slags are in contact
with ultrapure water after 150 days, and bioticvgtomedium after 60 and 150 days.

Mass Mean composition of fresh Weathered glass matrix (in ~ Weathered glass matrix

% glass matrix UPW) (in biotic growth medium)
Contact time (days) 60 60 150
Sio, 34.35 28.32 29.53 30.62 28.60 32.638.80 48.06
FeO 36.72 50.38 47.94 4557 55.27 46.33.97 47.76
CaoO 28.92 21.30 2253 23.80 16.12 21.036.23 4.81

8.4.Discussion
8.4.1 Cumulative metal release LBF slags

This study showed that the total bulk release oinftae biodigested medium is 270.1 Yy g
compared to 7.5 pggin the abiotic medium and below detection limitWPW (Table 3).
This could be due to the fact that Fe is the baeesal element foPseudomonas aeruginosa
and Fe dissolution is enhanced by complexing watlv Imolecular weight iron chelators
"siderophores" produced by the bacteria. A sintiland has been found for the bulk release
of Fe from shales in the presenceAabtobacter vinelandiknown to release organic ligands
(i.e. hydroxamate siderophore desferrioxamine B} ttan make strong complexes with Fe
(Liermann et al., 2011).

Comparing the biodigested to the biodissolved Fetert, the Fe release is 91.1 u§ig
biodissolved medium (accounting for 28%) while tlenaining 72% is associated with
bacterial cells. During weathering, therefore, moktthe solubilized Fe has been either
complexed to the siderophores for further transfmthe bacteria or already adhered onto the
cell surface of the bacteria for further bio-uptakhis agrees with a recent study by (Julien et
al., 2014).

from Seignez et al., 2006
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Concerning the major elements (i.e. Fe, Ca and hhg),highest release per g of LBF was
observed in the biodigested media compared toiakaod UPW medium. The Si release is
approximately the same between biodigested andidsiolded media (504.2 compared to
483.2 pg g of LBF) indicating that the bacterial cell surfasenot serving as sorbent for Si;
this is in contrast to Ca, Mg and Fe. The Si digsoh in UPW is almost as high as in the
biotic media (462.7 ug of Si per g of LBF in UPWhguared to 504.2 pggin biodigested
medium). However, the Si dissolution can be indiyerelated to the presence of bacteria,
because microbial growth enhances the releasekafi @nd alkali earth ions which may
promote the solubilization of Si from the glassytixaby allowing a better hydrolysis of the
silica network (Frugier et al., 2008).

The cumulative Zn release amounts to 257.0 figrgl 260.4 pg §in UPW and biodigested
medium, respectively (Table 8.3). The significaglease of Zn in the UPW experiment may
be explained by the lower pH: 7.5 compared to 8.5he growth medium. Half of the Zn
released in the biotic digested medium has bedredarnto bacterial surfaces or embedded in
the biofilm matrix since only 136.8 pug of Zn was asered per g of LBF in the biotic
dissolved medium (Table 8.3). The amount of Pbassd in biotic digested medium and in
UPW is 29.7 pug § and 20.3 pg § respectively, while only 7.0 pg'gwas found in the
biodissolved medium. According to Wu et al. (20@6)d Karimzadeh et al. (2012), the
mobility of heavy metals like Pb and Zn during skigweathering is not only due to the
presence of bacteria, but also to siderophores tvéhformation of Pb-siderophore and Zn-
siderophore complexes (Karimzadeh et al., 2012et\al., 2006).

Table 8.3. Cumulative element release from LBF siftgr 128 days of alteration. The
calculations have been performed considering thed omount of each element leached in
solution and the total mass of slags present imghetors.

Cuwmggxfigffsepg Biodigested Biodissolved Abiotic UPwW
Fe 270.1 (£0.1) 91.1 (+0.1) 7.5 (£0.1) <DL

Ca 1502.6 (+0.1) 1144.1 (£0.1) 312.3 (20.1) 871a1)
Mg 65.6 (+0.1) 47.2 (x0.1) 14.9 (+0.1) 54.0 (+0.1)
Si 504.2 (£0.1) 483.2 (x0.1) 127.2 (+0.2) 462.7.(0
Zn 260.4 (+0.1) 136.8 (+0.1) 42.6 (+0.1) 257.0 @oO.
Pb 29.7 (+0.2) 7.0 (£0.2) 7.6 (£0.1) 20.3 (0.1)

Figures 8.7A and 8.7B give the percentage of a&ldlements leached out compared to the
initial bulk content. The release of metals in thiedigested medium follows the order
(greatest to least): 1.08% of Ca >0.63% of Mg >0&#%i > 0.31% of Zn > 0.12% of Fe >
0.1% of Pb. The same trend can be seen in the iAmmdium except Fe was below the
detection limit. The presence of bacteria (consndeboth Biotic digested and Abiotic)clearly
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elevated the release of all elements from slaguf€i®.7A). In addition, the data confirm that
bacterial cells are good sorbents for Fe, Pb andsZt.08% out of 0.12% total Fe, 0.07% out
of 0.10% of total Pb and 0.15% out of 0.31% total ate found as sorbed fraction (here
denoted as particulate) (Figure 8.7B).
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Figure 8.7. A: Percentage of leached elements coedpa initial content after 128 days of
alteration, B: Leached element partitioning betwtendissolved and particulate fractions in
the biotic leaching experiments.

8.4.2) eaching rates

After 60 days of alteration, the leaching rate$SpfCa and Mg are higher in UPW compared
to those in biotic digested medium. Leaching rateSi, Ca and Mg are notably accelerated
by Pseudomonas aeruginoghiotic digested medium) in the early stages ef ékperiments
(<45 days); these rates are later governed by datrprocesses (UPW) at a stable and
constant pace (Figures 8.2A,B,C). Thus, chemicatgsses also play an important role in
leaching at a constant rate in the long-term. Mdaleywthe leaching rate of Fe is solely
governed by the bacteria as the rate in bioticsdggemedium is significantly faster than that
of the other media. Likewise, the Pb leaching mt@mainly controlled and accelerated by the
bacteria (biotic digested medium) even though simiitial leaching rates are observed in
UPW during the first 40 days of the experiment.sTotould be due to the higher affinity of
extracellular polymeric substances (EPS) for Plr @re as the adsorption capacity and the
complexation intensities of EPS is different depegdn the metal ions. Moon et al (2006)
reported that the adsorption capacity (Ln K) artdngity (1/n) of EPS are 1.06 and 0.637 for
Pb, which are much higher than those for Zn (0 @62, respectively).

Assuming that the LBF slags are dumped on site, @ned conditions present in our

experiments reflect the natural environment of $fagy heap, the leaching rate of the metals
have been recalculated in Table 8.4. Also showhdsamount of time needed to leach all the
metals. These calculations suggest that it wikthk4 years to leach all Zn (and 362 years for
all Pb) from 1 g of LBF from the slag dump in theegence of bacteria. For this prediction,
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the formation of secondary phases on the slagaicting as the preservative layer against
dissolution is neglected.

Table 8.4. Extrapolated time in years required ampgletely leach 1 g of LBF under the
conditions applied in this study.

Leaching rate (ug g d* of LBF) Time required to leach 1 g of LBF completyy (Years)

Elements
Biodigested UPW Biodigested UPW

Fe 211 0.00 2911 n.a

Ca 11.74 6.81 32.6 56.2

Mg 0.51 0.42 56.0 68.0

Pb 0.23 0.16 362.4 530.0

Si 3.94 3.62 70.1 76.4

Zn 2.03 2.01 114.4 116.0

n.a: not applicable
8.4.3Leaching mechanisms

Cumulative molar concentrations of Ca, Mg and Zwehlaeen normalized to a cumulative Si
molar concentration (Figures 8.8 A,B,C), which mnsidered as the most representative
element of glass alteration (Gauthier et al., 2000)s therefore possible to use these Si
concentrations to assess the stoichiometric/naokstonetric dissolution of the glass
(Chardon et al., 2006). From the bulk compositietednined by Deneele (2002) (Table 8.1)
the molar ratios are expected to be 1, 0.11 andl {@:3Ca/Si, Mg/Si and Zn/Si, respectively.
The measured Ca/Si and Mg/Si ratios are abovendwdtical ratio, meaning that Ca and Mg
are more easily leached out compared to Si (Fig8u& and 8.8B). The ratios of Ca/Si and
Mg/Si are much higher in the biotic digested medthan in the abiotic digested medium and
UPW medium, which implies that the microbial adgwgreatly influences the leachability of
Ca and Mg compared to the physico-chemical conwtiprevailing in the UPW and the
abiotic medium. However, Figure 8.8C shows that ZhéSi ratio is below the theoretical
ratio, which implies that the Zn mobility is farskeimportant than Ca and Mg. As the Zn/Si
ratio in UPW exceeds that of biotic digested medidm dissolution appears to be greatly
influenced by chemical parameters compared to icéb ones.
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Figure 8.8. Evolution of Ca/Si (A), Mg/Si (B) anah/Bi (C) cumulative leached molar ratios
for the three experimental conditions investigateminpared the theoretical molar ratio in
case of a congruent dissolution process.

The possible leaching mechanisms can be schemat&zedFigure 8.9. One can assume that
pure chemical reactions (i.e. solid-liquid interacs) are initiated first, prior to being
enhanced by the presence of bacteria, which agbaed cation bio-sorbents. The interaction
between LBF slag and UPW (simplest medium as aeeée) leads to the dissolution of‘Ca
and Md*, leaving the slag’s surface negatively chargece flgative charge in the silicon
network is neutralized by Hrom H,0, resulting in a pHincrease. At the same timetdyax
which are known to have the highest surface to meluatio of any life form (Konhauser,
2007) with plenty of binding sites such as phosphaarboxyl, hydroxyl, and amino groups
begin to bind heavy metal ions (Guibaud et al.,900he pHincrease (7 to 9) related to
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enhanced G4 and Md@" dissolution would lead to the deprotonation of thetal binding
sites of polysaccharides, resulting in increasemcdiosorption (Moon et al., 2006).

In addition, bacteria such aBseudomonassp. need Fe for their growth and this
microorganism is well-known for producing siderop® which are involved in Fe

complexation (Braud et al.,, 2009). This is veryelik the main reason why the Fe
concentration (i.e. solubility) is strongly enhaddr the Biotic media (this study, Yin et al.,
2014). The presence of siderophores may also eahlthedissolution (via a ligand promoted
dissolution mechanism) and solubility of zinc aedd (Karimzadeh et al., 2012; Wu et al.,
2006). The presence of siderophores as well asb#uterial cells in the bulk solution

increases the slag dissolution by complexing thenroations (i.e. Ca, Mg, Fe, Zn and Pb).
This decreases the free ion concentration and saasgbermodynamic shift which favors
further slag dissolution as predicted by Le Cheged principle.
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Figure 8.9. Alteration of LBF slags by the heteoptric bacteriunPseudomonas aeruginosa.

8.5.Conclusions

Experiments to study the bio-alteration of leadsbléurnace slags byseudomonas
aeruginosain a semi-flow through reactor were performed tmutate the release of
potentially toxic elements from these slags. Thaults suggest that dissolution and bulk
release of matrix elements (Ca, Si, Mg) as weltoxsc elements (Zn and Pb) are equally
governed by both chemical and biological processbgreas Fe release can be solely driven
by microbial activity via the production of solubleomplexing molecules such as
siderophores. Even though Pb is present as frggedsan the slag matrix, the bulk release is
the lowest (29.7 g} at the end of the experiment, where bio-altergisothought to be at a
minimum. Zn is significantly controlled by spinelimaral phases which are more resistant to
weathering and alteration, but the amount relegssiynificant (260.4 pg'b. The actively
metabolizing heterotrophic bacteria can thus sultisiéy increase elemental release rates
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from slags compared to abiotic conditions. In ddditthe bacteria are able to adsorb metal
contaminants (Zn and Pb) and therefore might aftienonetal migration in soils. However, as
bacteria can also migrate through soils, a bettdetstanding of the combined effect of these
two processes is required.
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Chapter 9

9.1.Introduction

Metallurgical activities can generate a huge amofipartially vitrified waste products which
are either landfilled or recycled. Lead Blast Fauen@_BF) and Imperial Smelting Slags (ISF)
slags are often disposed in the vicinity of metajical plants, and may be prone to
weathering, releasing potentially toxic chemicahpomnents into the local environment. Thus,
the aim of this research is to understand the otedrprocesses as well as the contributionof
micro-organisms in weathering of metallurgical slag

9.2.Chemical weathering of slags (Chapter 5 and 6)
9.2.1 Stability of primary mineral phases

The leachate chemistry was controlled by the digsmi of primary crystalline and glassy
phases present in both LBF and ISF slags. In genassstalline phases (either spinels or
silicates) are well-known for being resistant whalmorphous glassy phases are easily prone
to weathering and releasing metals into the satu{iGhapter 5). Partial dissolution of
magnesiochromite (Mg@Dd,) from LBF and gahnite (ZnAD,) from ISF slags can be
expected at low pHs; 4 and 5.5. Spinels such asoehtomite (ZnGiO4), magnetite
(FE'Fe*,04), and franklinite (ZnF£0,) can be resistant to weathering even at pH 4, edser

it is very likely that leachate chemistry can bBuenced by partial dissolution of franklinite
at pH 8.5 for LBF slag (Chapter 5, subsection 53}.1Likewise, the partial dissolution of
hardystonite (C&nSkO;) and willemite (ZpSiO,) can be expected at pH 10 for both slags.
In comparison to spinels and silicates phasesati@phous glassy phase of slags is prone to
weathering and major contributor of metals into sbé&ition at all pHs. Considering some of
the spinels phases being prone to weathering apldvas well as silicates phases at high pH,
it is very likely that the dissolution of these pba are minimal at neutral pH, thus, the
leachate chemistry at pH 7 are mainly governedisgotution of glassy phase of the slags.

9.2.2Zn isotopes signatures of primary mineral phases

As depicted in Figure 9.1, complete acid digestbérboth LBF and ISF slags showed that
bulk materials are enriched in heavier isotopes;thwi3®*Znuc 0.78 + 0.13%o
and 0.13 £ 0.06%0 in ISF and LBF slags, respecti€ligapter 6). Rather lighter signatures
can be observed in amorphous glassy phase of slagre the range a@°®Zn lies between -
0.42%0 for LBF and -0.35%0 for ISF with +0.08%. 2 sig values. Meanwhile, heaviest
signatures of overall crystalline phases can beapatated wheré®®Zn lies between 2.12%o
for LBF and 5.74%. for ISF. The calculated Zn sigmes of crystalline phases can be
accounted for spinels: magnesiochromite (M@%), franklinite (ZnFgO,), magnetite
(FE'FE,0,) in LBF; zincochromite (ZnG0O.), gahnite (ZnAIO,) in ISF; and for silicates
phases; hardystonite (&ZanSkO;) and willemite (ZaSiOy) for both slags.
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Figure 9.1. Zn isotopes signatures of bulk slageagnred), amorphous glassy part and
crystalline phases (extrapolated).

9.2.3Evolution of leachate chemistry

The concentration of Ca and Zn can be related tevpere the highest concentration at pH 4
and the lowest concentration at pH 10 can be obdemmder both atmospheres for both LBF
and ISF slags (Chapter 5). The leachability of B Wimited at pH 8.5 and 10 for LBF slag

under both atmospheres, whereas that of Fe wasb@even at high pHs under nitrogen

atmosphere for ISF slag, compared to Fe is undecten limit under open-air atmosphere.

In addition, the concentration of Si was highemphkt 4 and 10 for both slags, whereas the
concentrations were much higher under nitrogen spin@re compared to open-air

atmosphere. Unlike other elements, the concentratid®b from both slags was independent
of pHs and atmospheres, with high fluctuations amaentrations due to its presence as
metallic Pb droplets in the slags.

In addition, the faster log dissolution rates ofnv®re observed at pH 4 for LBF slags (-7.92 to
-8.03 mol.nt.s?) compared to (-8.03 to -8.13 mol’s™) for ISF slags, suggesting that LBF
slags are prone to weathering at acidic conditregardless of the atmospheres. Similarly, the
slighter faster log dissolution rates of Si werseated under open-air atmospheres for both
slags (-9.69 to -9.79 mol:fsY), compared to that under nitrogen atmosphere@sl -9.53
mol.m2.s"), suggesting that both slags are prone to higtesthering at alkaline condition
under open-air atmosphere rather than under acoxiditions.

9.2.4 Secondary precipitates

The duration of the slag-water interaction timevasd| as the effects of the atmospheres
played a great role in the formation of new secongdases (Chapter 5). The presence of
oxygen and carbon dioxide led to the formation xifle and carbonates phases under open-
air atmospheres whereas mostly hydroxides were ddromder nitrogen atmosphere. The
secondary precipitates observed in this study aimlynoxides, carbonates and clay phases
which are predicted by thermodynamic model VisudNIVEQ and further confirmed by
SEM and TEM analysis as shown in Figure 9.2.
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Figure 9.2. TEM observation on precipitation of ®a,and Zn carbonates during weathering
of (A) LBF slags and (B) ISF slags under open airasphere.

9.2.5Zn isotopes fractionation induced by chemical procgses

Zn dissolution was related to extremes zinc is@tgnatures in the leachate as a function of
pHs, leaching time, and atmospheres (Chapter 6)irfBtance, heaviei®®Zn values can be
observed at low pH than at high pH for both slags;0.03%. and -1.25%. for LBF, 0.89%o
and -1.16%. for ISF after 6 h of leaching at pH 4 a0, respectively under open-air
atmosphere. In addition, the signatures of theha@cbecame enriched in heavier isotopes
with time under nitrogen atmospheres for both slégsinstance, from -0.53%. after 6 h to
0.85%0 after 216 h for ISF slag at pH 10. This maply that the absence of secondary
precipitates allows more congruent slag dissolusind, thus, weathered Zn reaches isotopic
signature closer to the bulk slag.

On the other hand, the formation of new seconddrgses induced massive Zn isotopes
fractionation for both slags at pH 7, 8.5 and 1@mehthe fractionation can be identified by
comparing thes®*Zn signatures under both atmospheres (Figure Bi®)ing weathering of
LBF at pH 7, formation of ferrihydrite (FeOOH) withossible Zn adsorption onto it could
induceA®®Zn of 0.70%. after leaching for 24 h, whereas foiprabf FeOOH, PbCg) and
Zn-Al LDH phases induced higher fractionation witf*Zn of 1.50%. after leaching for 216
h. When the rapid precipitation of Zn(OHglone occurred, the signatures of the leachate can
be as light and stable as -2.10%. to -2.35%. durireativering of LBF at pH 8.5 under
nitrogen atmosphere. On the other hand, the ptatigm of Zn(OH) along with Fe(OH)
inducedA®®Zn of 0.2%. during weathering of ISF at pH 8.5. kidiion, the fractionation
induced by co-precipitation of Ca and PhQO&here partial cooperation of Zn inside with a
rather consistent®*Zn values of 1.13%. during weathering of both slagpH 10. Thus, the
fractionation of Zn was significantly induced dugiformation of different secondary phases
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either as oxides, oxyhydroxides, hydroxides, claynemals or carbonates, and the
fractionation occurred via adsorption or co-preeifpdon processes.
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Figure 9.3. Fractionation of Zn isotopes induced(dmy)precipitation and sorption processes
after weathering of LBF and ISF slags for 216 h.

9.3.Biological weathering of slags (Chapter 7 and 8)
9.3.1.Slags as micro-nutrient substrate

The fastest growth oPseudomonas aeruginasas observed in the presence of slags,
whereas no poor bacterial growth (absorbance df)@@s observed without the presence of
slags (Chapter 7). Thus, this implies that micrbgrawth was not only possible, but was also
enhanced in the presence of slags, serving as #migreents (i.e. Fe, Ca, Mg,...) source for

the growth.

9.3.2 Effect of abiotic factors

At first glance, the concentration of Zn and Pb lagher in ultrapure water medium (UPW)
than in growth medium (GM), which can be relatedatution pH (pH: 6.8 and 7.8 in UPW
and GM experiments, respectively) where the enlrapoé of metal solubility in acidic pH is

a well-known process. In UPW, the solubility of ®as mainly controlled by carbonate and
hydroxide phases, whereas Zn was not controllegregipitates formation the solubility
indices were under saturation. On the other hahdsghate was the main species controlling
the solubility of Ca, Zn and Pb in GM where theusation indexes were ranging from 0.2 to
1.4. The formation of possible secondary preciegadbf Zn (Zp(POy)2:4H20i) and Pb
(PbHPQ, Pb(CQ) and Pb(OH) was indicated by thermodynamic modeling and then
confirmed by SEM. On the other hand, Mg showedf@mint behavior as its concentration
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went even higher in GM than in UPW, which couldcuee to the presence of complexation
agents like phosphates, or sulfate in GM.

9.3.3 Effect of Pseudomonas aeruginosa

Pseudomonas smeeds Fe for its growth and is well-known for quoing siderophores
which are involved in Fe complexation and Fe mdiakaxquisition (Chapter 7 and 8). This
is very likely the main reason why the Fe concdiamna(i.e. solubility) is strongly enhanced
in the experiments with the presence of bacteniaddition to Fe, the dissolution of matrix
elements (Ca, Si, Mg) as well as other elementsagthPb) were enhanced in the presence of
bacteria both in bioreactor operated in batch dmrias well as in a semi-flow through
reactor with intermittent leachate renewal condiio The elevated concentrations of the
elements can be related not only to the activibésbacteria, but also the presence of
siderophores which may also enhance the dissolyit@ a ligand promoted dissolution
mechanism). In addition, the bacterial cells canséered as good sorbents for Fe, Pb and
Znas 0.08% out of 0.12% total Fe, 0.07% out of @16 total Pb and 0.15% out of 0.31%
total Zn are found as sorbed on to particulatespart

9.3.4Weathering mechanisms

One can assume that pure chemical reactions ¢lid-lguid interactions) are initiated first,
prior to being enhanced by the presence of bac(igure 9.4). During early stage of
weathering, hydrolysis profoundly modified the alie network by attacking bridging bonds
(Si-O-M) which consequently led to the releaselefrents embedded in silica matrix. Such
dissolution of cations into the solutions consedlydad to the slag’s surface being negatively
charged. The negative charge in the silicon netisrieutralized by Hfrom H,O, resulting

in a pHincrease. In the presencéP’studomonas aerugingghe preferential extraction of Fe
by the bacteria has further weakened the bondinth@fglass matrix. Simultaneously, as
bacterial bodies are good sorbents for cationsyevtie sorption have decreased the free ion
concentration and causes a thermodynamic shifthwiaicors even further slag dissolution as
predicted by Le Chatellier’s principle.
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Figure 9.4. Weathering of slags by the heterotroplacteriumPseudomonas aeruginosa.
9.3.5.Slag alteration and secondary precipitates

The surface morphology of LBF had significantly egad after a long immersion time in the
different media (UPW, GM and GM+B). The glass scefalteration layer in UPW medium
was more porous whereas the zones closer to treweeige more altered in GM medium. In
addition, the alteration was non-uniform and mostlynd at the edge where there was a
contact between the leaching medium and bacteikewlise, diffusion on the edge of the
matrix and highly fractured glass surface can b&eoled in the presence of the bacteria. The
dissolution of glassy phases is highly prone tother@ng whereas spinels appeared to be very
stable since they were protuberant objects at thatlvered glass surface. Furthermore, the
bacterial colonization and adhesion as a biofilmienslag’s surface can also be observed.

Lead carbonate is the dominant secondary phases iouJPW medium whereas formation
of phosphate with Fe, Pb, Ca, and Zn was observé&M and GM+B medium (Figure 9.5).
Thus, the presence éfseudomonas aeruginoshd not affect on the types of Zn and Pb
secondary phases, indicating that this bacteriumh Wot favor biomineralization or
bioprecipitation, but rather enhanced Zn and Phlsliies by sorption onto microbial cell
wall and complexation with microbial by-products.
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Figure 9.5. Precipitation of secondary phases oatheged slags in UPW, GM, and GM+B
observed by SEM.

9.3.6.Cumulative metal release (comparison of weatheringonditions)

Total bulk releases of Fe, Si, Pb and Zn from tweweathering tests were compared after
150 days of alteration of slags in the presencBsgfudomonas aeruginagewn in Figure
9.6. In the presence &fseudomonas aerugingsaigher bulk release of Fe, Zn and Si were
observed under leachate renewal condition (2704 @60 ng g, 507 pg g of Fe, Zn and
Si) compared to those under leachate stagnanttmmd@84 pg ¢, 45 pg &, 167 pg g of

Fe, Zn and Si). No effect of different leaching ditions was observed on bulk release of Pb:
30 ug gfor both conditions. In addition, the green bar #re indication of the effect of
growth media alone (phosphate, sulfate and suecisalts) where the bulk release were
significantly lower.

600 Presence of P.aeruginosa

M Leachate renewal

500 A M Leachate stagnant

400

300 S

200 4

Bulk release after 150 days (ug g?)

100 A

Fe Pb Si Zn

Elements

Figure 9.6. Bulk release of Fe, Pb, Si and Zn dft#y days of bioweathering in comparison
between leachate renewal and leachate stagnantioosd
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9.4.Future perspectives

While conducting this research, the author camesaca few obstacles and limitations which
might possibly serve as the bridge for further digweent in future research directions. The
limitation lies within the following context:

Many questions are still remaining concerning figldathering conditions and to
predict the long-term (i.e. tens to hundreds ofrgeeeactivity of these metallurgical
wastes or to relate laboratory test results witlasneed values in the field.

There are still rooms to determine the alteratimies and kinetics of each individual
crystalline or glassy phase present in metallutgitags contributing to the overall
alteration of slags even at the laboratory scale.

Similarly, the real isotopic signatures of eachvidlal phase present in the phase still
a mystery as it is physically impossible to sepaedch phases for analysis. Thus,
application of laser ablation coupled with MC-ICFSMcould be an interesting
alternative.

The adsorption studies of Zn onto inorganic minerases could be further extended
to more mineral phases such as clay; and the apipliclaboratory data on adsorption
studies (with oxides and oxy-hydroxides) in readlggical setting will be interesting.

Zn isotopic data during its precipitation as ZnC@nO, predominant phases during
oxidative environments, as well as co-precipitatidiZn together with other elements
(Ca, Pb, Fe) either as oxides or carbonates wilh B&ep further in understanding the
mechanism.

In many geological settings, it is well-known thadil can accommodate different
species of micro-organisms and the influence okrotmicrobial species or their
consortia on the weathering of slags will be irgérgy. With such knowledge,
heterotrophic leaching can be an alternative forrbetal recovery from alkaline slags
where improvement in the leaching performance aadhieved by manipulation of
the leaching conditions.

Page | 198






