Chapter 5
Lead and Zinc Metallurgical Slags Mineralogy
and Weathering

Nang-Htay Yin, Piet N.L. Lens, Yann Sivry, and Eric D. van Hullebusch

Abstract Base-metal smelters typically produce a large quantity of waste rocks,
tailings and slags that are usually stored on site. In the early 1980s, metallurgical
slags were considered chemically inert because metals are usually embedded in glass
and silicate phases. Recently, several studies showed that metals leaching from slag
dumps can lead to severe contamination of soils and water bodies. Predicting their
environmental impact requires an understanding of the minerals at microscopic scales
as well as the mineral-water interactions, i.e. the chemical and biological weathering
techniques applied, the associated weathering rates and mechanisms.

Both lead and zinc slags are chemically and mineralogically diverse, depending
on the smelting history (i.e. the mother ores), the smelting technologies and the flux
minerals. The Pb and Zn concentration in slags indicates the recovery efficiency of
the smelting technologies, the presence of S indicates if the mother ores are rich in
either sulphides or carbonates, and the proportion of Ca, Fe and Si reflects the type
of flux minerals added to decrease the viscosity of the melt. Similarly, the presence
of the pyroxene group indicates a relatively slow cooling regime whereas the
presence of amorphous glass indicates the rapid cooling of the slags. The presence
of Fe oxides such as goethite or hematite on the top layer of the slags indicates the
slag dump being weathered for some time.
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Chemical alteration studies of slags focus on different experimental conditions
such as the contact time, type of leachant, agitation rate, pH, liquid to solid (L/S)
ratios, and particle size of the sample. The chemical protocol tests are batch tests,
quick and simple to carry out with reproducible results, and they can give an idea of
the leaching behaviour of metals under different leaching scenarios such as landfill,
acid rain or soil dumping. On the other hand, there are only a few studies for
biological alteration of slags in spite of the fact that the presence of microbial
activity increases the dissolution rate of slags. Therefore, combining and enhancing
the performance of both chemical and biological leaching reveals the great potential
of metal mining and recovery of base metals from Pb and Zn metallurgical slags.

Keywords Metallurgical slags < Alteration « Weathering ¢« Heavy metals
mobilisation ¢ Leaching ¢ Secondary precipitates formation
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5.1 Metallurgical Slags
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Metallurgical slags are predominantly vitreous by-products derived from the
smelting of metallic ores and usually consist of metal silicates and oxides, and in
some cases also sulphides and native metals (Hudson-Edwards et al. 2011). Slags
are the wastes whose grade is too low for further treatment and which are of too low
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economic value in spite of being generated in great amounts by the mining industry.
They are either dumped in the vicinity of the mining site and accumulated for long
periods of time or reused as fill, ballast, abrasive and aggregate in concrete and
cement production, and in road construction (Ettler and Johan 2003; Lottermoser
2002; Potysz et al. 2015). Ferrous slags from iron and steel industries are reused in
construction (Saikia et al. 2012), whereas reuse of non-ferrous slags from lead, zinc,
copper, nickel, and chromium industries is limited till now (Barna et al. 2004).

Slags derived from the processing and smelting of lead (Pb) and zinc (Zn) are
defined as ‘hazardous waste’ by the European Waste Catalogue (Commission
Decision 94/3/EC), but also as a ‘commercial substance’ by the European Inventory
of Existing Commercial Substances (EINECS) adopted by Council Regulation
no. 793/93 (Ettler et al. 2001, 2003). Many studies have already shown that Pb
and Zn smelting activities are large contributors of anthropogenic Pb and Zn
pollution in many environmental compartments: atmospheric heavy metal emis-
sions and deposition (Van Alphen 1999), surface and ground water (Parsons et al.
2001), kitchen garden soil (Douay et al. 2008), woody habitat soil (Douay et al.
2009), agricultural topsoil (Pelfrene et al. 2011), river bank soil (Sivry et al. 2010),
river and stream sediment (Audry et al. 2004; Vdovic et al. 2006; Yang et al. 2010)
and seepage at slag dumps (Navarro et al. 2008) with a high potential of ground-
water contamination, and evidence of high bio-accessibility of lead (Pb) and zinc
(Zn) in the human body (Bosso and Enzweiler 2008; Ettler et al. 2012).

5.2 Composition of Slags

5.2.1 Chemical Composition

Slags are very heterogeneous materials where the chemical composition can be
related to the smelting history, the constituents of the mother ores, the flux minerals
(limestone, iron stone, ferrous silicate, silica) and fuels (coke, coal, firewood,
charcoal) used (Lottermoser 2002). The chemical composition of lead and zinc
slags from different countries is given in Table 5.1, whereas those generated during
different time periods is given in Table 5.2.

Both Pb and Zn slags are chemically diverse materials where the lesser or higher
concentration of Pb and Zn in the slags indicates the efficiencies of the smelting and
processing technologies used in that particular country (Table 5.1). The enrichment
of Ca, Fe and Si reflects the type of flux minerals added during smelting in order to
lower the melting temperature as well as to modify the chemical properties,
particularly to decrease the viscosity of the slags (Lottermoser 2002). In addition,
the presence of Sulphur (S) in the slag indicates that the primary ores can be rich in
sulphides rather than carbonates and oxides. The metals in slag melts can also be
associated with the silicate phases, metallic droplets, and the leftover S in the form
of sulphides (PbS, ZnS).
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Table 5.2 Major chemical composition of historical smelting slags and slags from secondary
processes

Slags from
processing car
Historical smelting slags batteries
3—4th Sixteenth Middle ages

Unit (% century 1901-1943 | century (Czech Old Modern
wt) (France) (Australia) | (Sweden) republic) tech |tech
References | A B A C C C
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 and 11.97 32.88 1.46 23.41 3225 |28.62
Fe, 03
Al,O5 7.17 541 342 4.46 546 |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
K,0 3.34 0.6 0.51 1.42 0.21 |0.11
TiO, 0.43 - 0.02 0.41 0.3 0.48
P05 0.25 0.27 0 0.61 023 |03
Zn - 23643% - 541 2.17 10.21
Pb - 7605* - 11.81 251 ]0.68
S - 1.15 - 1.19 094 [0.36

A: Mahé-Le Carlier et al. (2000), B: Lottermoser (2002), C: Ettler et al. (2000)
#Zn and Pb in ppm unit

The heterogeneous Pb and Zn slags can be further compared to historical slags
and car battery processing slags (Table 5.2). Historical slags are most likely
subjected to weathering over time, thereby studying of these slags in comparison
to Pb/Zn slags as well as modern slags can give a very useful insight into the
behavior of metal release over time. Historical slags originating from France and
Sweden, generated around the 3—4th and sixteenth century respectively, show the
highest content of Si and Ca, with relative deficiency in Fe content and the absence
of Pb and Zn (Table 5.2). Slags produced during the Middle Ages in the Czech
Republic are deficient in Ca compared to other slags, as CaCOj; additives were
introduced only later. On the other hand, the slags from secondary car batteries
processing units and those from Australia, generated in the early twentieth century,
or modern slags have a similar chemical composition of Si, Ca, and Fe, with
relatively little amounts of Pb and Zn present. Thus, all historical slags produced
before the nineteenth century have a similar chemical composition regardless of
their native countries. The same goes for modern slags generated after the nine-
teenth century regardless of their native countries, as well as primary or secondary
production sources.
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5.2.2 Mineral Phases

Slags may possess many previously unknown mineral phases and their mineral
species status cannot be identified because they are formed in a geologically
modified environment under anthropogenic influences (Nickel 1995). As a result
of quenching, slags can be mineralogically diverse, enriched in glass and crystalline
phases. During smelting, both Pb and Zn ores are mixed with flux minerals and
fuels on the charge floor inside the blast furnace. Oxygen is constantly provided by
a blast of compressed air and the temperature inside the furnace reaches over
1500 °C. A lighter silicate melt accumulates over the liquid metal melt present at
the bottom of the furnace. The above silicate melt is then drained off and cooled
down under a massive shower of cold water.

As given in Table 5.3, Pb slags originating from France are mainly composed of
non-silicate minerals such as the spinel group (magnesiochromite, franklinite,
wiistite and magnetite) and other oxides (mixture of Zn and Fe oxides) as they
contain only one silicate mineral, the melilite. In contrast, slags from Brazil and the
Czech Republic show the presence of more silicate minerals: the olivine (fayalite
and kirschsteinite), pyroxene (hedenbergite) and melilite (unidentified phase and
willemite) group. Non-silicates have not been observed in the slags from the Czech
Republic but these contain only substantial amounts of relict ores (galena, sphaler-
ite, wiirzite and pyrrhotite).

As given in Table 5.4, Zn slags generated from France include only one silicate
mineral (hardystonite), non-silicates group of spinel (wiistite), other oxides (mix-
ture of Fe, Zn and Al), and traces of relict ores (wurzite and sphalerite). More
diversity of silicates and oxides has been observed in slags from the USA and
Poland. Slags from the USA contain the olivine (fayalite and olivine), pyroxene
(clinoferrosilite and hedenbergite), feldspars (K-feldspar, hyalophane and labrador-
ite), melilite (hardystonite) and alumino silicate (willemite, mullite, quartz and
sillimanite) groups. Those from Poland contain olivine (kirschsteinite and olivine),
pyroxene (wollastonite), feldspars (K-feldspar, hyalophane and leucite), melilite
(melilite) and alumino silicate (willemite) groups.

5.2.3 Petrography

They are lustrous darker grey to brown in colour. The crystalline particles are 100 to
1000 pm in size across the slags (Puziewicz et al. 2007). The formation of mineral
phases bears a direct relationship with the bulk composition of the melt and with the
cooling regime, which controls the crystallization sequence in the slag. Slags can be
classified into several assemblages based on their chemical and mineralogical
composition.
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Table 5.3 Primary mineral phases usually encountered in Pb slags described in the literature

Origin
Primary Czech
Minerals phases Composition France | Brazil |Republic
Silicate Olivine Fayalite (F62+ZSiO4) *
group Kirschsteinite (CaFez+SiO4) * *
Olivine [(Ca,Fe),Si04] *
Willemite (Zn,SiO,4) * *
Pyroxene Hedenbergite (CaFe>*Si,04) *
group
Melilite Ca, (Fe,Mg,Zn,Al)(Al,Si),0, * *
group
Non- Spinel Spinel (MgAl,0,) *
silicate group Magnesiochromite (MgCr,0y), *
Franklinite [(Zn,Mn** Fe*")(Fe*", | * *
Mn**),0,]
Magnetite (Fe>*,Fe®*0,) *
Other Zn substituted Wiistite (Fe gs5.x)
oxides Zn,O)
Wiistite (FeO) * *
Iron(I) Chromate (FeCrO,4) *
Magnetite (Fe304) *
Zincite (ZnO) *
Pure metals | Lead (Pb) * * *
Sulphides Galena (PbS) *
group Wurzite (ZnS) *
Sphalerite (ZnS) *
Pyrrhotite (Fe(;_x)S) *
References A B C

A: Seignez et al. (2007 and 2008), Deneele (2002), B: de Andrade Lima and Bernardez (2011), C:
Ettler and Johan (2003), Ettler et al. (2001)
* occurence of the mentioned mineral

Assemblage I: Dark gray slag located outer cast of slag pile containing spinel,
olivine, clinopyroxene and glass,

Assemblage II: Dark gray slag located central of slag pile containing spinel,
melilite, olivine and glass,

Assemblage III: Red slag located on top of slag pile containing feldspar, quartz,
mullite, glass, spinel, and secondary goethite, hematite and gypsum,

Assemblage IV: Green slag composed mainly of willemite, hardystonite, gahnite
and zincite.

The assemblage I is from the outer cast of slag dumped where the presence of the
pyroxene group indicates the relatively slow cooling regime. Assemblage II is
located in the central part of the slag dump where the absence of pyroxene indicates
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Table 5.4 Primary mineral phases usually encountered in Zn slags described in the literature

Origin

Minerals Primary phases

Composition

France

USA

Poland

Silicate Olivine group

Fayalite (Fe**,Si0y)

Kirschsteinite (CaFe**SiOy)

Olivine [(Ca,Fe),Si04]

Willemite (Zn,SiO.)

Pyroxene group

Wollastonite (Ca,Si>Og)

Clinoferrosilite (Fe,Si,Og)

Hedenbergite (CaFe*Si,0)

Feldspars

K-feldspar (KAISizOg)

Hyalophane (K,Ba)[AI(Si,Al)
SiyOg]

Anorthite (CaA1281208)

Labradorite (Ca,Na)[AI(AlSi)
SixOg]

Leucite (KAISi,Og)

Melilite group

Hardystonite (CaZnSi,0O-)

Alumino
silicates

Mullite (AlgSi>O,3)

Sillimanite (Al,SiOs)

Non-
silicate

Spinel group

Spinel (MgAl,0,)

Wiistite (FeO)

Other oxides

Zincite (ZnO)

Quartz or Tridymite (SiO,)

Magnetite (Fe,03)

Goethite [FeO(OH)]

Pure metals

Fe, Ni, Pb

Sulphides group

Wiirtzite (ZnS)

Sphalerite (ZnS)

Pyrrhotite (Fe;_x)S)

References

A

A: Deneele (2002), B: Piatak and Seal (2010), C: Puziewicz et al. (2007)
* occurence of the mentioned mineral

the rapid cooling (quenching effect) of the slag (Ettler et al. 2001). Being on the top
of the slag pile, assemblage III is in constant exposure to water and the atmosphere,
leading to the formation of secondary Fe oxides such as goethite, hematite and
gypsum. A very different mineralogy of slag can be expected in the case of
assemblage IV, which is enriched in Zn bearing phases such as willemite,
hardystonite, gahnite and zincite (Piatak and Seal 2010).

Among all these assemblages, Zn and Pb are redistributed among several
crystalline phases (silicates, oxides, sulfide or metallic phases) and residual glass.
Zn, being dissolved in the silicate melt, is partially incorporated into the structures
of oxides (spinels), silicates (clinopyroxene, melilite or olivine), sulphides
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-

Fig. 5.1 Back-scattered electron images of Pb slags from France and the Czech Republic (a and
b) and Zn slags from United States and Poland (c and d). (a): wustite (Wu), and metallic lead
(Pb) embedded into the glass matrix (Gl) (van Hullebusch et al., unpublished picture). (b):
prismatic crystals of melilite (Mel) including spinels (Spl), accompanied by long needles of
olivine (Ol) and galena inclusions (Gn) inside glass (Gl) (Ettler et al. 2001). (c): skeletal
plagioclase (P1), spinels (Spl), Cu—Fe-sulfide blebs (Cu-Fe-S) with pyrrhotite (Po) in cracks, and
dendritic pyroxene (Pyx) in matrix (Piatak and Seal 2010). (d): spinel (Spl), anhedral melilite
(Mel) and zincite (Znc) embedded in matrix glass (Puziewicz et al. 2007)

(sphalerite or wiirtzite) and glass (Fig. 5.1). In contrast, Pb behaves as an incom-
patible element and is concentrated in residual glass and in Pb-rich sulfide or
metallic inclusions trapped in the glass (Ettler et al. 2000, 2001).

5.2.4 Phase Composition

The olivine group is the most abundant crystalline phase found in slags which
crystallised either early or as the last silicate filling spaces between the earlier-
crystallised silicates (Ettler et al. 2001). It is present in different shapes such as a
herring-bone pattern, in a thin-narrow-long strip laths pattern of several hundred of
micrometers in length or very fine dendrites from several micrometers to tens of
micrometers in size (Fig. 5.1). Olivine-group minerals are major Zn concentrators
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Table 5.5 Microprobe studies of each mineral phase present in Pb slags

Minerals (%
wt) Glass Silicates Oxides

Gl Ol CliPy Me MgCr | Fr Mg
SiO, 26.4 29.66-32.89 |39.87-43.34 |38.62-39.98 |0.28 |0.10 |0.05
TiO, 0.2 0.00-0.06 0.25-1.03 0.00-0.06 0.61 0.09 [0.34
AL O3 2.5 0.01-0.74 4.73-11.2 3.48-5.09 15.83 |0.62 |7.60
Cr,05 0.0 0.01-0.03 0.00 0.00-0.04 4456 |1.66 |13.59
FeO 26.5 27.67-55.57 | 18.91-26.14 |7.51-9.00 5.55 7.69 |17.29
Fe,05 - - - - 8.95 67.62 |45.45
CaO 22.9 2.77-2748 |20.59-22.62 |34.11-37.28 |0.57 |0.68 |[0.13
MgO 1.9 0.85-5.33 0.19-2.41 1.82-4.45 1246 |4.83 [1.99
MnO 0.8 2.13-5.91 0.62-1.8 0.04-1.06 0.79 091 |[0.74
Zn0O 11.2 1.98-6.28 1.23-3.12 4.11-10.51 | 9.90 15.79 | 12.72
PbO 43 0.02-0.18 0.08-0.20 0.02-0.35 - - -
Na,O 0.9 0.08-0.27 0.03-0.28 0.32-2.36 - - -
K,O 0.4 0.03-0.14 0.01-0.26 0.08-0.69 - - -
References Aand |B B B C C C

C

Me Melilite, Ol Olivine, GI Glass, CliPy Clinopyroxene, F'r Franklinite, MgCrMagnesiochromite,
Mg Magnetite
A: Seignez et al. (2007), B: Ettler et al. (2001), C: Deneele (2002)

where the amount of Zn can be 1.98-6.28% in weight for Pb slags (Table 5.5) and
1.29% in weight for Zn slags (Table 5.6).

The clinopyroxene group is a QUAD pyroxene, i.e. a solid solution of
Mgz[slzoﬁ] - Fez[51206] - CaMg[SIZO6] - CaFe[SiZOG] (PuZieWiCZ et al. 2007)
It can be found in both Pb and Zn slags, where the amount of Zn can vary from 0.1
to 4.8% in weight (Tables 5.5 and 5.6).

Feldspars are found only in Zn slags, indicating a high alkali content which
originates from the limestone present in the primary ores. Primary crystallisation in
the slag melt led to the formation of skeletal feldspars with spinifex texture (Piatak
and Seal 2010). Silica was removed from the melt during the formation, leading to
the absence of residual glass.

The melilite group is found abundantly in the Zn and Pb slags, either as irregular
prisms with a star shape, as dendrites or as phenocrysts from 10-100 of microme-
ters in size. They are members of the akermanite (Ca,Mg[Si»O;]), the gehlenite
(Ca,Al,[SiO4]) solid solution series and their ferrous/ferric analogues (Puziewicz
et al. 2007). They are main concentrators of Zn and Pb where hardystonite and
willemite are major minerals found in both Pb and Zn slags (Tables 5.5, 5.6 and
5.7).

The spinel group is the first mineral phase formed in high-temperature silicate
melts, where silicates nucleating simultaneously with the oxides usually enclose
small crystals of spinel (Ettler et al. 2001). They can be found either in trace,
abundant amount or generally as cubic or octahedral crystals several micrometers
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Table 5.7 Microprobe studies of each mineral phase present in Zn slags

Silicates
Melilite group Al-Si-O (other silicates) | Oxides

Minerals (% wt) | Me Ha Wil Mul Al,SiOs | Pb-Si |ZnCr |Gah
SiO, 34.14 |39.63 |29.86 22.38 | 35.06 27.78 10.03 |0.08
TiO, 0.05 |- 0.00 0.84 0.56 4.51 0.08 |0.25
Al,O5 0.80 |1.75 ]0.03 72.89 |59.38 10.60 | 1.96 |50.72
FeO and Fe,O; |2.03 [0.98 |0.18-1.16 2.55 24 8.44 14.65 |10.52
MgO 390 [0.34 0.05-0.23 0.04 4.29 097 |3.19
MnO 0.17 |- 10.77 - 0.17 - 227 ]0.19
CaO 27.20 |33.26 |0.00 - 0.25 - - -
PbO 17.86 |- 0.04 - 28.92 1024 |0.13
Zn0O 13.16 |22.61 |58.32-69.66 |- 1.42 18.14 | 31.08
Cr,05 - - - - - 61.13 |4.03
BaO - 038 |- - 8.96 - -
Na,O - - - - 0.33 0.20 - -
K,0O - 0.04 |- - 0.68 1.82 - -
References B C B and C C C B A A

Me Melilite, Ha Hardystonite, Wil Willemite, Mul Mullite, Spl Spinels, Pb Si - Lead silicate, ZnCr
Zincochromite, and Gah gahnite
A: Deneele (2002), B: Puziewicz et al. (2007), C: Piatak and Seal (2010)

across the slag samples. Franklinite, magnesiochromite and magnetite are dominant
spinel minerals found in Pb slags where the concentration of Zn varies from 8.92 to
19.91% in weight (Table 5.5). On the other hand, zincochromite and gahnite are
found in Zn slags where the Zn content can be 18-31% in weight (Table 5.7).

The glassy matrix can be heterogeneous with the oxide proportions varying
significantly for both Pb and Zn slags where the composition can be described in
terms of SiO,, CaO, total Fe (FeO + Fe,03), Al,O3, ZnO and PbO. A relative
viscosity of  the melt simply relies on the ratio of
(CaO + FeO + MgO + MnO + K,0 + Na,O) / (SiO, + Al,O3) in % weight
(Manasse et al. 2001). Si is the main cation forming silicate network, whereas Al
and Fe(IIl) are not only involved in network formation, but also in network
modification. Only if Al is charge balanced with other cations such as K, Na or
Ca, it can be considered as a network former.

5.3 Weathering of Slags

Unlike ferrous slags (Fe industries), non-ferrous slags from base metal smelters are
composed of potentially toxic elements (e.g. As, Cd, Cu, Pb, Zn) and can lead to the
contamination of surface and ground water (Parsons et al. 2001). Thus, many
studies have contributed to the understanding of the stability of slags and their
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short and long term leaching behavior by simulating either chemically or biolog-
ically influenced weathering experiments.

5.3.1 Chemically Induced Weathering
5.3.1.1 Leaching Assessment of Slags

Several leaching tests have been extensively performed by various researchers to
assess the stability of slags, the leaching behaviour of metals in terms of short-
protocol leaching tests (Table 5.8) as well as long-term leaching tests by prolonging
slag-water interaction time (Table 5.9). These studies focus on slags and smelter
related samples (Pb slags, Zn slags, Pb-Cu slags, Cu-Zn slags, secondary Pb slags,
fly ash of secondary Pb smelters) as well as many environmental conditions (pH,
liquid-to-solid ratios, various leachant, agitation speed, oxic/anoxic conditions, and
contact time).

Details of most common protocol tests applied to metallurgical slags are given in
Table 5.8. Each test is different, based on different environmental simulations: the
special waste extraction procedure (SWEP) developed by British Columbia
intended only for metallurgical and mineral wastes; the diffusion-leaching NEN
7341 test developed in the Netherlands to simulate the successive pH drop from
neutral to acidic conditions; the EN 12457-2 test developed by the European Union
to simulate normal rainfall conditions; the synthetic precipitation leach procedure
(SPLP) as developed by the American National Mining Association to simulate
acid rain; the standard toxicity characterisation leaching procedure (TCLP) test
developed by the USEPA to simulate the co-disposal scenario with municipal solid
waste; and leaching assessment to test the reuse potential of Zn slags in cement.

Likewise, details of many long-term leaching assessment tests applied to met-
allurgical slags are given in Table 5.9. These studies at laboratory-batch-scale level
cover equilibrium leaching tests under saturated conditions; intermittent or contin-
uous leachant renewal conditions (Barna et al. 2004), kinetic leaching test (Ettler
et al. 2008), pH-dependent leaching test (De Andrade Lima and Bernardez 2013;
Ganne et al. 2006; Vitkova et al. 2013), simulation of weathering in the soil
environment (Ettler et al. 2005a; Ettler and Johan 2014) and remobilisation of
contaminated sediments (Vdovic et al. 2006). In addition, many studies have been
done at pilot scale or field level: column leaching tests as well as outdoor
weathering of slag dumps (Seignez et al. 2006, 2007, 2008), field leaching exper-
iments (Piatak et al. 2004), and the establishment of a relationship between
laboratory-based test results and measured water compositions at a real site (Par-
sons et al. 2001).

Results of dynamic leaching assessment tests have been combined with several
geochemical computer models such as PHREEQC-2 (Ettler et al. 2004, 2005a;
2008, 2009; Navarro et al. 2008), Minteq A2 (Ettler et al. 2005a; Ganne et al. 2006),
Minteq A4 (Vitkova et al. 2013) or more sophisticated geochemical codes such as



5 Lead and Zinc Metallurgical Slags Mineralogy and Weathering 147
Table 5.8 Protocol tests for short-term leaching assessment of slags
Experimental conditions
L/S Leachant
ratio | types (per | Shaking
Name Sample pH |[(ml/g) |1 (rpm) Duration | References
British Pb slags 5 20 Acetic 10 24 hrs A
Columbia acid
special waste
extraction
procedure
(SWEP)
Dutch Zn slag 7 50 1 M HNO; |- 6 hrs B
diffusion- and
leaching test, 4
NEN 7341
European Fly ashof |5.75 |20 MiliQ + 10 24 hrs C
norm EN secondary deionized
124572 Pb smelter water
(EN) Pb—u D
blast fur-
nace slags
Zn and Pb E,F
slags
Leaching Znslagin |9.7 4 Deionised |- 24 hrs G
assessment cement water
13.4 Buffer
solution
11.8 Saturated
(Ca0)
solution
Synthetic Secondary 4.2 |20 Deionised |30 18 hrs H
precipitation | Pb slag water +
leaching pro- H,SO4+
cedure HNO;
(SPLP) Zn and Pb AT
slags
Toxicity Secondary |4.93 |20 5.7 ml 30 18 hrs H
characteristic | Pb slag acetic acid
leaching pro- | Cy-Zn slag +500 ml 1
cedure Fly ash of MiliQ C
(TCLP) secondary +64.3 ml
Pb of 1M
smelters NaOH
Pb—Cu D
blast fur-
nace slags
Pb and Zn A,F
slag

A: de Andrade Lima and Bernardez (2011, 2013), B: Ganne et al. (2006), C: Ettler et al. (2005b),
D: Ettler et al. (2009), E: Saikia et al. (2008, 2012), F: Yin et al. (2014), G: Morrison et al. (2003),
H: Lewis and Hugo (2000), I: Parsons et al. (2001), J: (Piatak et al. 2004, 2010)
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WHAM (Model VI) or ECOSAT (NICA-Donnan model) for accurate prediction of
the metal complexation by dissolved organic matter (Ettler et al. 2005a).

5.3.1.2 Applicability of Leaching Tests to Metallurgical Slags

The significant differences between both short-protocols and long-term leaching
tests are the contact time, type of leachant, agitation rate, pH, liquid to solid (L/S)
ratios, and particle size of the sample. All protocol assessment tests are batch tests,
quick and simple to carry out with reproducible results. As they are intended for
short-term risk assessment and characterisation of slags at a glance, a combination
of these tests can give an idea of the leaching behavior of metals under different
leaching scenarios (i.e., landfill, acid rain or soil dumping). However, the require-
ment for particle size reduction of the slags during these tests does not reflect the
conditions in which metallurgical slags are generally processed or disposed
of. They are usually rocklike, monolithic structures, where leaching is minimized.

Lewis and Hugo (2000) pointed out that the application of TCLP to mineral
processing and metallurgical wastes has been challenged because of the high acid
neutralising capacity (ANC) of the slags, rendering true assessment of the leaching
potential impractical. Each leaching test protocol is different, based on the different
environmental simulations and purposes, nature of targeted wastes or slags, nature
of leachant used, different duration of each test, and the origin of the country where
it is developed reflecting its country’s regulations and standards. The application of
two or more tests (TCLP + SPLP 4+ SWEP) to one single slag can overcome such
controversy and might thus be beneficial for short-term assessment. Short-term
assessment is quick, simple to carry out and provides reproducible results, and a
combination of these tests can even be beneficial in assessing the environmental
impact of slags in different weathering conditions.

Piatak et al. (2015) pointed out that many results from leaching tests are not
consistent as potentially toxic trace elements are present among various phases
whose relative reactivity and leachability can be the key to understanding the
stability of slags. Partitioning of Zn can be related to the overall bulk Zn concen-
tration: Zn was hosted mainly in spinel and silicate phases in Zn rich samples,
whereas it was mainly present in sulphides in lower-bulk Zn concentrations (Piatak
et al. 2015).

On the other hand, the long term leaching tests cover more criteria. As size
reduction is not the requirement, they represent conditions closer to the field. They
also consider whether or not the acid-base neutralising capacity of the slag will be
depleted over longer periods of contact time. In addition, the flow conditions of the
water (downward and horizontal flow) along with the simulation of rainfall (inter-
mittent and cyclic wetting of the slag) are the main advantages of long-term
leaching tests over short-term ones. The applicability can be challenging if only
one test is applied and the amount of metals leached out can be either under or over-
estimated. Thus, the application of both short and long-term leaching assessment
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tests should be considered to fully understand the leaching behavior of the metal-
lurgical slags.

5.3.1.3 Chemical Weathering Mechanisms

Both Ettler et al. (2003) and Mahé-Le Carlier et al. (2000) observed that the
alteration of Pb-Zn slags is initiated by the leaching of network modifier elements
like Ca, Mg, Mn and Fe. Curtis (2003) further explained that it is due to the
hydrolysis reaction and the nucleophilic property of water on the silicon atom
(Eq. 5.1):

=Si—-O-M+H"+OH ==S8i—0—H"+ (MOHor OH™ ) +M" (5.1)

Conradt (2008) pointed out the three different equilibria during the slag alter-
ation: (1) an electrochemical equilibrium at the slag surface, (2) a new thermody-
namic equilibrium within aqueous solution owing to element dissolution, and
(3) the equilibrium which involves the solubility formation of stoichiometric
hydrates of hydroxide phases due to hydrolysis.

With increasing hydration energy, H-O—H bonds are eventually broken with loss
of protons (H* ions) during an exchange with cations (Curtis 2003). The exchange
reaction between H* ions and cations from the slags leads to an increase of the pH,
creating a neutral to moderately basic environment. This accelerates the silica
release phenomenon by a probable mechanism of breaking strong links of the
residual glass by the hydroxyl ions of the solution. The condensation reaction
between two silanol groups leads to the formation of hydrated silica gel (Eq. 5.2):

=Si—-0O—H'+=Si—0—H"==5i—0-Si=+ H,0 (5.2)

The newly formed silica gel or secondary phases serve as the protection layer on
the surface of altered slag, thus limiting the contact between the slag and the
solution, which consequently leads to the pore-diffusion control of the aqueous
solution through this growing layer (Conradt 2008). Many silicates and non-silicate
phases in the slags are observed to release metals into solution at different rates. The
dissolution rates of several silicates and oxides are pH-dependent, depicting a
U-shaped curve when dissolution is plotted against pH on a log scale during steady,
but far-from-equilibrium dissolution (Brantley et al. 2008). The overall dissolution
rate of the slag can be the sum of the rates of the individual silicate and oxide
phases. The newly formed silica gel or secondary phases on the slag surface which
is adjacent to the solution can also be key to control the overall dissolution rate of
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the slag, i.e. the solid/liquid interaction affects the rate more than the in-depth
leached layers (Hamilton et al. 2001).

5.3.2 Biologically Induced Weathering

In contrast to the extensive studies on chemical alteration of slags, only a few
studies have focused on the involvement of microbial activity in slags alteration. To
fully describe the state of knowledge on the topic and better highlight the great
potential of bioleaching for metal recovery from metallurgical slags, this section
will be extended to the dissolution of single glass or silicate phases in the presence
of bacteria, and the interaction of bacteria and heavy metals, rather than be limited
just to the bio-alteration of lead and zinc metallurgical slags.

Microorganisms are well known for their participation in mineral formation and
dissolution. Some microorganisms are able to (1) oxidize or reduce many dissolved
inorganic species, (2) detoxify toxic ones, and (3) actively or passively take up one
or many of them which are later converted into their cellular structure. Other
microorganisms are able to utilize minerals as they are not only a reservoir of
many trace elements but also of electron acceptors, thus, providing energy by
respiration (Ehrlich 1996). Many bacterial strains from different genera have
shown their ability to weather several minerals (Uroz et al. 2009). They can
destabilise and dissolve a mineral either as a single strain or in association with
other microbial species.

5.3.2.1 Bioleaching of Slags

Bio-weathering due to heterotrophic microorganisms is focused here, owing to the
high acid-buffering capacity and alkaline nature of Pb/Zn metallurgical slags, and
to the fact that these slags are dumped in soil where organic matter and nutrients are
present and can, therefore, be used by heterotrophic microorganisms. There is a
growing interest in the application of heterotrophic leaching of alkaline slags and
filter dusts/oxides from metal processing, as most Thiobacilli cannot effectively
solubilise alkaline wastes with pH values above 5.5 (Gadd 2000). Eleven hetero-
trophic microorganisms from an alkaline slag dump have been isolated, including
nine bacterial strains, one fungus and one yeast isolate (Willscher and Bosecker
2003). In addition, the K-feldspar dissolution was enhanced in the presence of
heterotrophic bacteria, where the degree of dissolution depended on the different
bacterial strains and growth conditions applied: Serratia marcescens was very
effective in enhancing feldspar dissolution (Hutchens et al. 2003). The influence
of bacteria (Azotobacter chroococcum, Bacillus megaterium and Bacillus
mucilaginosus) on Pb and Zn speciation, mobility and bioavailability in soil have
been described in a series of single chemical extraction, sequential extraction and in
situ soil solution extraction technologies (Wu et al. 2006). Heterotrophic
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microorganisms (Microbacterium sp., Promicromonospora sp. and Pseudomonas
cedrina) solubilise many metals from minerals via oxidation as well as by secreting
complexing agents (Willscher et al. 2007).

5.3.2.2 Sorption/Complexation of Metals by Bacterial Cells, EPS,
Siderophores

During the alteration of basaltic glass and a vitrified bottom ash, the sorption of
many dissolved elements (Si, Mg, Fe, Ti, Ba, Co, Zn, Cu, Ni and Cr) was found in
the biofilm and adsorbed onto P. aeruginosa cells (Aouad et al. 2006). The three
conceptual reactive sites are acidic (carboxyl and/or phosphodiester), neutral
(phosphomonoester) and basic (amine and/or hydroxyl) groups. Three bacteria
(Cupriavidus metallidurans CH34, Pseudomonas putida ATCCI12633, and
Escherichia coli KI2DHS5R) were further investigated for Zn sorption (Guine
et al. 2006). The increasing Fe concentration observed was due to the production
of pyoverdine and its chelation capacities (Aouad et al. 2006; Yin et al. 2014).
Moreover, the production of chelating compounds (exopolymers, siderophores and
pigments) was highlighted by Hutchens et al. (2003) as a possible mechanism
behind enhanced K-feldspar dissolution.

Extracellular polymeric substances (EPS) secreted from bacteria also play an
important role in binding with metal cations due to their anionic properties. Pb has a
greater affinity for EPS than Cd where the mineral fraction of the EPS is probably
involved to a large extent in the sorption and binding strength between metals and
EPS (Guibaud et al. 2006). Similarly, the binding affinity of EPS from fungi
(Pestalotiopsis sp.) for Pb is higher than for Zn (Moon et al. 2006). In addition,
the pH plays an important role in metal sorption onto EPS: no or minimum sorption
occurs at acidic pH and the percentage of metal adsorption increases with higher pH
(Guibaud et al. 2006).

5.3.2.3 Sorption/Bio-weathering Mechanisms

The possible bio-alteration mechanism along with different biochemical interac-
tions between the heterotrophic bacterium Pseudomonas aeruginosa and Pb slag
(LBF) is illustrated in Fig. 5.2 Chemical alteration of slag induces solid-liquid
reactions with the hydrolysis of Si** and dissolution of network modifying elements
like Ca®* and Mg®*. The matrix neutralisation reactions between cations and H*
from the liquid medium lead to the accumulation of OH ™ ions, which results in a pH
rise. Under the bio-alteration of slags, Fe dissolution could be significantly
enhanced by the siderophores and bacteria cells serve as bio-sorbent owing to
their higher surface to volume ratio (Konhauser 2007). Depending on the moiety
donating oxygen ligands for Fe** coordination, siderophores are grouped into three
types: (i) catecholates or phenolates, (ii) hydroxamates or carboxylates, (iii)
a-hydroxy-carboxylic groups and (iv) a mixture of these groups (Saha et al.
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Fig. 5.2 Alteration of Pb slag by the heterotrophic bacterium Pseudomonas aeruginosa (Modified
from van Hullebusch et al. 2015)

2013), where complexation occurs not only with Fe, but also with other metals like
Cu and Zn (Potysz et al. 2016).

5.3.3 Mineralogical Control on Metal Bioleachability

The primary mineral phases present in Pb and Zn slags (Tables 5.3 and 5.4) control
the release of metals and metalloids into the environment under weathering condi-
tions. The slag glass phase is more reactive and liberates minor relic sulfide ores, or
metallic droplets entrapped in it (Ettler et al. 2003; Parsons et al. 2001). Zinc is
probably leached either from sulfide/metallic droplets such as Fe-rich wurtzite
((Fe 4+ Zn)S), or from Zn-bearing silicates (e.g. melilite) and glass. Spinels, main
Zn concentrators, as well as willemite (Zn,Si0,), are most resistant to weathering
and do not significantly contribute to Zn liberation (Ettler et al. 2003). On the other
hand, Zn partitioned volumetrically into minor sulphides is prone to weathering and
liberation of Zn (Piatak and Seal 2010). Other phases such as franklinite are not
very reactive and are stable up to pH 2 (Ganne et al. 2006). Moreover, the formation
of secondary precipitates such as amorphous hydrous ferric oxides (HFO) and
aluminum oxyhydroxide (AIOOH) are also controlling the release and mobility of
metal and metalloids through sorption and/or co-precipitation (Ettler et al. 2009).
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More studies have been done on the bio-accessibility of Pb and Zn in soils from
mining and smelter areas (Ettler et al. 2012), from slags (Bosso and Enzweiler
2008) and the Pb mineralogy control on leaching and relative bio-accessibility
(Romero et al. 2008). Glass phases are very important in controlling heavy metal
mobility as well as bio-accessibility when being ingested, while the heavy metals in
a silicate matrix are protected against leaching. The presence of heterotrophic
bacteria enhances the dissolution of minerals as olivine (clinochlore, lizardite,
nimite and willemseite) was significantly reduced in quantity (Chiang et al.
2013). Similarly, the presence of Pseudomonas aeruginosa dramatically enhances
the solubility, and therefore the mobility of metals contained in Pb slags, lead blast
furnace (LBF) slags (van Hullebusch et al. 2015; Yin et al. 2014).

5.3.4 Secondary Bioprecipitates

Geochemical models are used to predict the species of many dissolved elements, to
calculate the saturation indices of these species and to predict the formation of
possible solid phases controlling the leachate composition (Piatak et al. 2004).
Models such as PHREEQC-2 (Ettler et al. 2004, 2005a, 2008, 2009; Navarro
et al. 2008), Minteq A2 (Ettler et al. 2005a; Ganne et al. 2006), Minteq A4 (Vitkova
et al. 2013), Visual MINTEQ version 3.0 (Yin et al. 2016) as well as more
sophisticated geochemical codes such as WHAM (Model VI) or ECOSAT
(NICA-Donnan model) were used for accurate prediction of the metal complexa-
tion by dissolved organic matter (Ettler et al. 2005a).

These models predict the possible secondary precipitation formation by calcu-
lating the saturation index (SI), as follows (Eq. 5.3):

SI = log (%) (5.3)

where Q is the ion activity product and K the equilibrium constant for the dissolu-
tion reaction. If the SI is zero, it reflects equilibrium, negative values indicate
under-saturation and a positive values indicate super-saturation, thus indicating
the formation of possible secondary precipitates (Parsons et al. 2001).

Under oxidizing conditions, with a supply of atmospheric CO, at pH 6-9,
formation of cerussite (PbCO3) and amorphous hydrous ferric oxides (HFO) has
been reported reflecting the long-term leaching assessment conditions (Ettler et al.
2003). Precipitation of HFO is mainly controlled by major dissolution of mainly
Fe-bearing phases releasing Fe>* into the solution with the contribution of other
minerals (silicates, oxides and glass), and the time required for oxidation of Fe** to
Fe* (Ettler et al. 2005a). In case of soil weathering environments with the presence
of low or high molecular weight organic acids, the formation of well-developed
calcite (CaCOj;) crystals and an amorphous organo-mineral matrix of HFO and
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amorphous SiO, was reported (Ettler et al. 2004). Metals like Pb, Zn, Cu and As
present in the leachate were subsequently adsorbed onto newly formed HFO or
trapped within the calcite structure. Zn exhibits a more pronounced mobility and is
adsorbed on HFO/FO only at pH values higher than 7 (Ettler et al. 2005a). Similar
adsorption of Pb onto HFO was also found after natural alteration of metallurgical
slags from old dump sites (Mahé-Le Carlier et al. 2000).

In addition to HFO, AIO(OH) and phases such as chalcanthite (CuSO4.5H,0),
siderotil ~ (Fe**CuS0,.5H,0), jarosite  (KFe’*3(OH)s(SO4),),  brochantite
(CuySO4(OH)g) and gypsum (CaSO,4.2H,0O) were reported at old base-smelter
slag dump sites undergoing natural weathering (Piatak et al. 2004). Moreover,
brianyoungite [Zn;(CO3,5S0,4)(OH)4], and less common phases like bechererite
[(Zn,Cu)eZn,(OH)3[(S,S1)(0,0H)4],] were identified as a secondary coating and
as fibrous/ bladed crystals filling in cavities of zinc slags on dump sites (Piatak and
Seal 2010). Chiang et al. (2013) reported that the alkaline bioleaching of alkaline
slags materials took place when solubilisation of primary minerals and precipitation
of secondary minerals simultaneously occur. The alteration of primary minerals
such as dicalcium-silicate, bredigite and periclase, and the formation of new
secondary phases such as merwinite and calcite was reported.

5.4 Conclusion

Comprehensive and extensive studies have been established concerning chemical
alteration of slags under different experimental conditions. These studies indicate
that detailed characterization of slag mineralogy, surface area, and dissolution of
slags and mobility of metals is required, as well as the application of at least two or
even three simple leaching tests (TCLP + SPLP + SWEP). This might be beneficial
for short-term risk assessment, as these tests provide reproducible results and their
combination can be beneficial in assessing the environmental impact of slags in
different weathering conditions. However, most studies have been restricted to
laboratory-based leaching assessments only. Thus, many questions remain
concerning field weathering conditions in order to predict the long-term
(i.e. 10-100 of years) reactivity of these metallurgical wastes (Ettler and Johan
2014) or to relate laboratory test results with measured values in the field. In
addition, it is still difficult to determine the alteration yields and kinetics of each
individual crystalline or glassy phase present in metallurgical slags contributing to
the overall alteration of slags even at the laboratory scale.

Compared to chemical alteration studies of metallurgical slags, the focus on the
involvement of microbial activity in natural alteration of these slags is relatively
poor. Further research is required to investigate the microorganisms involved in the
leaching of alkaline slag dumps and to pinpoint the physiological processes
involved in metal solubilisation. With such knowledge, heterotrophic leaching
can be an alternative for bio-metal recovery from alkaline slags where improvement
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in the leaching performance can be achieved by manipulation of the leaching
conditions.
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