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Abstract

Pb/Zn smelter slag is a hazardous industrial waste from the Imperial Smelting Process (ISP). The speciation of zinc,
lead, copper and arsenic in the slag controls their recovery or fate in the environment but has been little investigated.
X-ray Absorption Spectroscopy (XAS) was applied to this complex poorly crystalline material for the first time to gain
new insights about speciation of elements at low concentration. Zn, Cu, As K-edge and Pb L3-edge XAS was carried
out for a Pb/Zn slag from a closed ISP facility in England, supported by Fe, S and P K-edge XAS. Results are presented
in the context of a full review of the literature. X-ray fluorescence showed that concentrations of Zn, Pb, Cu and As were
8.4, 1.6, 0.48 and 0.45 wt.%, respectively. Wistite (FeO) was the only crystalline phase identified by X-ray diffraction,
but XAS provided a more complete understanding of the matrix. Zn was found to be mainly present in glass, ZnS, and
possibly solid solutions with Fe oxides; Pb was mainly present in glass and apatite minerals (e.g., Pbs(POa4):0H); Cu
was mainly speciated as CuzS, with some metallic Cu and a weathering product, Cu(OH)2; As speciation was likely

dominated by arsenic (Ill) and (V) oxides and sulfides.

1. Introduction

Zinc and lead are the two most widely used non-ferrous metals after aluminium and copper, with global production of
13.9 and 12.4 Mt in 2021, respectively (ILZSG, 2022). Sustainability considerations have resulted in dominance of
hydrometallurgical production for both metals, but about 10-20% of global Zn and Pb are still obtained by
pyrometallurgical processing (Nowinska and Zdzistaw, 2017). Of the pyrometallurgical methods, the Imperial Smelting
Process (ISP, also called ‘blast furnace process’) has important industrial significance for simultaneous production of
zinc and lead, mainly from mixed zinc and lead sulfide ores, and has a long history of use since 1959 (Morgan, 1968,
Cusano et al., 2017). However, 600-900 kg of Pb/Zn smelter slag are generated as a main byproduct for every tonne of
Zn produced (Cusano et al., 2017). The state of knowledge about metallurgical slags in general is thoroughly discussed
by Piatak and Ettler (2021).

Based on the assumption that 10% of the 350 Mt of global zinc production between 1960 and 2017 (based on
calculations by Sverdrup et al. (2019)) was by ISP smelters, it can be estimated that over 20 Mt of Pb/Zn smelter slag
were produced in this period. Although most ISP smelters in North America and Europe have been closed, about 1 Mt/y
of Pb/Zn smelter slag continues to be produced by those remaining elsewhere, i.e., in India (Prasad and Ramana, 2016),
China (Garside, 2022, Luo et al., 2019), Japan (Azuma, 2007), and Poland (Nowinska, 2020, Kicinska, 2020, Cusano
et al., 2017).
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Zn smelter slag can also be generated as a by-product of other pyrometallurgical processing (e.g., Waelz process and
slag fuming processes) of mainly secondary materials, e.g., dust from electric arc steelmaking and ashes, bottom and
top dross from galvanising industries (Cusano et al., 2017). Likewise, Pb smelter slag can be generated as a by-product
of other pyrometallurgical processes, mainly direct smelting of primary lead concentrates and some secondary material

(e.g., lead scrap and lead-acid batteries) (Cusano et al., 2017).

Pb/zZn slags have been widely utilised, e.g., in China and Poland (Nowiriska and Zdzistaw, 2017) and India (Agrawal et
al., 2004). Their high concentrations of cement elements, mainly Fe, Ca, Si and Al, have suggested a potential for
recycling in construction materials. Pb/Zn slags are used as concrete aggregates (Babu et al., 2022, Reddy et al., 2020,
Kore, 2020, Patil et al., 2018, Tripathi and Chaudhary, 2016, Prasad and Ramana, 2016, De Angelis and Medici, 2012,
Weeks et al., 2008, Barna et al.,, 2004, Helios-Rybicka, 1997), inorganic geopolymer binders (Nath, 2020,
Leuchtenmueller et al., 2020, Xia et al., 2019, Onisei et al., 2012), and in bricks (Hu et al., 2014) and tile glazes (Bayer
Ozturk et al., 2020).

Notwithstanding that utilization of Pb/Zn smelter slags is practiced elsewhere, they are defined as hazardous wastes by
the European List of Wastes (10 04 01* and 10 05 01*) (Commission Decision, 2000/532/EC) due to their high
concentrations of toxic metals, including Zn, Pb, Cu, As, etc.. The fate of these toxic metals in utilisation applications
and also disposal scenarios is an environmental concern. There is also the potential to recover these metals as
secondary raw materials. Only a few investigations of toxic metal extraction and recovery have been conducted,
including hydrometallurgical recovery (Song et al., 2019). The fate and recoverability of metals in slags are closely linked

to their speciation.

Previous investigations of the speciation of Zn, Pb, Cu and As (2.3) have usually been conducted using X-ray diffraction
(XRD) or sometimes scanning electron microscopy (SEM) with energy dispersive X-ray spectroscopy (EDS) or electron
probe microanalysis (EPMA). However, phases determined by XRD must be crystalline and present in high enough
concentration (~ 2%) (Chen et al., 2021), and it is not possible to know whether they contain elements of interest in solid
solution. X-ray absorption spectroscopy (XAS) is a powerful technique for direct molecular-level study of specific
elements in complex materials, irrespective of their crystallinity and even at low concentrations (i.e., a few hundreds of
mg/kg). The aim of the present study was to determine the speciation of Zn, Pb, Cu and As in Pb/Zn smelter slag based
on 1) a thorough review of the literature on this subject, and 2) Zn, Cu and As K-edge, and Pb L3-edge XAS, with
complementary Fe, S and P K-edge XAS, of a sample of ISP Pb/Zn smelter slag, also in comparison with actual and

theoretical spectra of reference materials containing these elements.

2. Pb/Zn Smelter Slag

2.1. Formation of Pb/Zn smelter slag

Figure 1 presents a flow diagram for the typical ISP. The feed to this process mainly contains Pb and Zn sulfides from
mining, and some secondary materials, such as sludge and dust from steelmaking (Bernasowski et al., 2017). The metal
sulfide concentrates are oxidised into impure metal oxides (known as ‘zinc calcine’) during roasting, to remove most of
sulfur and to agglomerate the fine flotation products. The zinc calcine is fed to the ISP furnace, which reduces metal
oxides into metallic Pb and Zn vapour. The Zn vapour is then condensed and cooled before refining for commercial
uses. The molten material, Pb/Zn slag and metallic Pb, remains in the bottom of the furnace. Lead bullion is separated
from the slag, and the slag is then quenched and granulated by water. Other pyrometallurgical processes that produce

Zn and Pb smelter slags follow similar reaction processes including oxidation, followed by reduction.
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Figure 1. Schematic Diagram of the Imperial Smelting Process (ISP) for Zn production (Zhao, 2013, Taylor and Traulsen,
1988, Meek, 1979).

2.2. Elemental composition of smelter slags from lead and/or zinc production

Elemental compositions of a total of 56 smelter slags from production of Pb and/or Zn found in 39 papers were collected

(Supplement File A). Figure 2 shows box charts for major matrix elements and elements of interest from the literature.

In Figure 2, Fe, Ca, Si, Zn and Al can be observed to be the dominant elements in the Pb/Zn slag matrix, with median
concentrations of 20, 10, 10, 7 and 3.5% by mass, respectively. Median concentrations of 7% Zn, 0.7% Pb, 0.4% Cu,
and 0.2% As (by mass) were collected for 55, 51, 29, and 29 samples, respectively. The inset bubble chart shows
approximately log normal distributions for the concentrations of Zn, Pb and As, but not for Cu, which is difficult to
rationalise considering the relatively lower sample numbers. One-way analysis of variance (ANOVA) showed no
significant difference between the mean values, at the 5% level, among all three types of slags for all elements, except
that Al has a lower mean in Pb slags, and Fe has a lower mean in Zn slags. The ANOVA results are summarised in
Supplement File A.
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Figure 2. Box charts for concentrations of major and minor elements measured in smelter slags from Pb and/or Zn
production in the literature and our sample (SS) by X-ray fluorescence (XRF). The inset bubble charts show the
distribution of the concentrations of the elements of interest over their ranges, with the number of samples in represented
by each bubble. Only major constituent elements (>1%) and those of interest for this study are presented here; raw data
for all elements from the literature can be seen in Supplement File A, and raw data for 64 elements in our sample (SS)
by three methods, i.e., XRF, conventional total acid digestion (TAD) and conventional aqua-regia digestion (ARD), can
be seen in Supplement File B. The 39 literature sources are Atzeni et al. (1996), Morrison et al. (2003), Barna et al.
(2004), Puziewicz et al. (2007), Weeks et al. (2008), Piatak and Seal Il (2010), Yang et al. (2010), de Andrade Lima and
Bernardez (2011), De Angelis and Medici (2012), Onisei et al. (2012), Alex et al. (2013), Adamczyk and Nowak (2013),
Tripathi et al. (2013), Tyszka et al. (2014), Hu et al. (2014), Ettler and Johan (2014), Wang et al. (2015), Prasad and
Ramana (2016), Tripathi and Chaudhary (2016), Morrison et al. (2016), Yin et al. (2016), Li et al. (2017), Patil et al.
(2018), Xia et al. (2019), Song et al. (2019), Bayer Ozturk et al. (2020), Leuchtenmueller et al. (2020), Reddy et al.
(2020), Kicinska (2020), Kore (2020), Luo et al. (2020), Nowinska (2020), Nath (2020), Ettler et al. (2020), Sajn et al.
(2020).

2.3. Mineral composition of smelter slags from production of lead and/or zinc
The mineralogical compositions of 23 Pb/Zn slags, 12 Zn slags and 5 Pb slags were identified in a total of 23 previous

studies using XRD, SEM/EDS, EPMA or Raman spectroscopy. These slags are usually glassy, since they were
guenched, and have a dark grey colour because of a high iron content; nevertheless, various crystalline phases have
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been observed, which are summarised in Table 1 (with- more detailed information in Supplement File C). The results in
the literature, show that the slags might contain a mixture of phases that derived from the original ore concentrate, or

formed during roasting, metal reduction, or subsequent weathering.

For the major elements, the identified Fe and Ca-bearing phases were similar between Pb/Zn slags and Zn slags,
including remaining ore minerals, and roasting, reduction and/or weathering products. Only roasting products were

found in the Pb slags. Sulfides were the dominant S-bearing phases found in all three types of slags.

Zn phases in Pb/Zn slags included sulfides remaining from the ore, oxides (mainly spinels) from roasting, and hydroxide
weathering products. Similar Zn phases were found in Zn slags, apart from the spinels, and in Pb slags, apart from
weathering products. Pb phases in Pb/Zn slags included sulfides from the ore, roasting products, including oxides,
silicates, sulfates, and arsenates, and metallic Pb from the reduction step. No Pb phases were found in Zn slags, and
Pb sulfides, oxides, and metallic Pb were identified in Pb slags. Cu was found as sulfides and weathering products in
both Pb/zZn slags and Zn slags, while no Cu phases were identified in Pb slags. No As phases were found in either

Pb/Zn slags or Zn slags, but arsenic-bearing apatite was identified in Pb slags.

Table 1. Mineralogical compositions of elements of interest in smelter slags from Pb and/or Zn production.

Element

Pb/Zn slag

Zn slag

Pb slag

Zn

17/23 2
Remaining ores

Sulfides: sphalerite, ZnS; wurtzite, ZnS*;

Roasting products

Spinels: franklinite, ZnFe204; gahnite, ZnAl2O4;
zinc chromite ZnCr204*;

Other oxides: zincite, ZnO*;

Silicates: willemite, Zn2SiOs; hardystonite,
Ca2ZnSi207; petedunnite/pyroxene, CaZnSi2Os;

3/122

Sulfides, i.e., sphalerite, ZnS;
wurtzite, ZnS*;

Oxides: zincite, ZnO*;

Silicates: willemite, Zn2SiOa4*;
hardystonite, Ca2Zn(Si207)%;

5/52

Sulfides: wurtzite ZnS*;

Spinels: franklinite, ZnFe204;

Silicates: willemite,
Zn2Si0O4*; hardystonite,
Ca2ZnSi207; melilite,

Caz(Fe,Zn):Siz207;

Weathering products
Sulfate hydrates: ktenasite, Sulfate hydrates: brianyoungite, /
ZnCu4(S04)2(OH)s:6H20; namuwite, Zn3(C03,S04)(OH)4*;
Zn4S04(OH)s 4H20%; .

bechererite

Zn7Cu(OH)13[SIO(OH)3S04] *;

Fraipontite,

(Zn,Al)3(Si,Al)205(0OH)4*;

Pb 12//23 @ 0/12 @ 3/52

Remaining ores
Sulfides: galena, PbS;
Roasting products

Oxides: lead oxide, PbO¥*; wulfenite, PobMoO4*;

Sulfides: galena, PbS*;

Oxides: lead oxide, PbO*;




Cu

As

Fe

Ca

Silicates, PbsAl2(SiO3)7;
Sulfates, PbSOg;

Arsenates: mimetite-johnbaumite,
Pbs[(AsO4)3Cl]-Cas(AsOa4)3(OH)*;

Reducing products

Metallic: Pb

6//232

Remaining ores

Sulfides: geerite, CusSs; covellite, CuS*;
villamaninite, (Cu,Ni,Co,Fe)S2*; chalcocite,
CuzS*; chalcopyrite, CuFeS2*, cubanite,
CuFe,S;*;

Weathering products

Sulfates: ktenasite (ZnCu4(SOa4)2(OH)s-6H20)
Nitrates: gerhardtite (Cuz(NO3)(OH)z3))

0//232
Roasting products

/

22/232
Remaining ores

Sulfides: pyrrhotite, FeS/ Feos-1S; troilite, FeS*;
villamaninite, (Cu,Ni,Co,Fe)S2*; chalcopyrite,
CuFeS>*; cubanite CuFe,S;*;

Roasting products

Spinels: magnetite, Fez0g; franklinite, ZnFe204;
magnesioferrite, MgFe204; (Mg, Fe) Al204;
calcium ferro oxide, CaFe204*;

Other oxides: wiustite, FeO; limenite, FeTiOs;
Olivines: (Ca,Fe,MQ)2SiOs;

Silicates: kirschsteinite, CaFeSiOau;
clinopyroxene, Ca(Mg,Fe)Si-Os; melilite,
Ca2MgSi207+ CazFeSi»O7; fayalite, Fe2SiO4*;
Ca(Feo.69Mgo.31)(Si0O4)*; CaFe2SiOs*;

Reducing products
Metalic: Fe
Weathering products

Tochilinite, Fe?*s-6(Mg,Fe?*)sSs(OH)10;
natrojarosite, NaFes3(SOa4)2(OH)s*;

Goethite, a-FeOOH?;

16/232

2/122

Sulfides: Cu-Fe sulfides*;

/

Sulfates: bechereite,
Zn7Cu(OH)13[SiO(OH)3SO4]*;

0/122

10/122

/

Sulfides: pyrrhotite, FeS/ Feos1S;

Cu-Fe sulfides*;

Oxides: hematite, Fe20s3;

Silicates: clinopyroxene,
Ca(Mg,Fe)Si20s;
fayalite, Fe2SiOg;

Metalic: Fe

Goethite, a-FeOOH;

10/122

Metallic: Pb

0/52

1/52

Arsenates: mimetite-
johnbaumite (Pbs[(AsO4)sCl]-
Cas(AsOa4)3(OH))

5/52

/

/

Spinels: magnetite, Fez04*;

franklinite, ZnFe204; (Mg,
Fe) Al2Og;

Other oxides: wiustite, FeO;
Olivines: (Ca,Fe,MQg)2SiOyg;

Silicates: kirschsteinite,
CaFeSiO4*; clinopyroxene,
Ca(Mg,Fe)Si20s; melilite,
Caz(Fe,Zn)Si207;

4/52
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Remaining ores and fluxing agents

Calcite, CaCOz*; clinomimetite, Cas(POa4,
CO3)3(0OH);

Roasting products

spinels: CaFe204*;
Olivines: (Ca,Fe,MQ)2SiOs;

Silicates: kirschsteinite, CaFeSiOg;
clinopyroxene, Ca(Mg,Fe)Si2Os;
petedunnite/pyroxene, CaznSi20¢*; melilite,
Ca:MgSi207+ CazFeSi20y; plagioclase ((Na,
K)AISizOg+CaAl2Si2Osg*; hardystonite,

Calcite, CaCOs*;

Silicates: clinopyroxene,
Ca(Mg,Fe)Si20s; plagioclase
((Na, K)AlISizOs+CaAl2Si2Os;
hardystonite, Ca2ZnSi>O7*;

Olivines: (Ca,Fe,MQ)2SiOyg;

Silicates: kirschsteinite,
CaFeSiO4*; clinopyroxene,
Ca(Mg,Fe)Si20s;
hardystonite, Ca2ZnSi>O7*;
melilite, Caz(Fe,Zn)Si207;

CaxZnSi207; Fayalite, Ca(Feo.saMdo.31)(SiO4)*;
wollastonite, Caz[Si20e]*;

Weathering products

gypsum, CaS04-2H20%, gypsum, CaS04-2H20; /
riversideite, CasSisO16(OH))*;
S 12/232 10/122 2/52

Remaining ores

Sulfides: pyrrhotite, FeS/ Feos-1S; troilite, FeS*;  Sulfides: pyrrhotite, FeS/ Feos1S;  Sulfides: wurtzite ZnS*;

wurtzite ZnS; sphalerite ZnS; marmatite, Zni- wurtzite ZnS*; sphalerite ZnS*; galena, PbS;
xFexS*; galena PbS; geerite, CusSs; covellite, Cu-Fe sulfides*;

CuS*; chalcocite, Cu2S*; chalcopyrite CuFeS2*;

cubanite, CuFe,S;*;

Roasting products

Sulfates: PbSOg; / /

Weathering products

Sulfates: tochilinite, Fe?*s_s(Mg,Fe?*)sSs(OH)10;
natrojarosite, NaFes3(S0O4)2(OH)s*; gypsum,
CaSO04-2H20; namuwite, ZnsSO4(OH)e-4H20%;
ktenasite (ZNnCu4(SOa)2(0OH)s-6H20);
villamaninite, (Cu,Ni,Co,Fe)S>2*;

Sulfates: gypsum, CaSOa-2H20; /
brianyoungite,
Zn3(C03,S04)(OH)4*;

‘a’ refers to the number of samples for which specific metal phases were identified, out of the total collected samples, e.g., for Zn, 17/23 means that
Zn phases were identified in 17 out of a total of 23 Pbh/Zn slag samples.

* indicates phases only identified once.
/ indicates no findings.
Common phases have been highlighted in purple.

All mineral phases are listed in Supplement File C, including their techniques and sources, from the following references: Atzeni et al. (1996), Helios-
Rybicka (1997), Ettler et al. (2001), Puziewicz et al. (2007), Weeks et al. (2008), Tyszka et al. (2014), Morrison et al. (2016), Sobanska et al. (2016),
Yin et al. (2016), Li et al. (2017), Xia et al. (2019), Bayer Ozturk et al. (2020), Reddy et al. (2020), Kicinska (2020), Nowinska (2020), Ettler et al.
(2020), Piatak and Seal Il (2010), Yang et al. (2010), Song et al. (2019), de Andrade Lima and Bernardez (2011), Onisei et al. (2012), Ettler and
Johan (2014), Zheng et al. (2015)

3. X-ray Absorption Spectroscopy

3.1. Materials Selection and Characterisation

The ISP Pb/Zn smelter slag used for our XAS study was provided by an anonymous UK source in 2015. This facility

smelted sulfide ores containing sphalerite-galena-pyrite-rich bands interlayered with quartz-carbonate turbidites and
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mudstones, from the McArthur River zinc-lead mine, Australia (Gigon et al., 2020). The granulated slag contains glassy

black particles, which remain shiny after two to four decades of weathering at their disposal site.

Examination of our Pb/Zn smelter slag was supported by XAS of twelve Zn reference materials (listed in Figure 7), eight
Pb reference materials (Figure 10), ten Cu reference materials (Figure 11), eight As reference materials (Figure 14),
three Fe reference materials (Figure 4a), ten S reference materials (Figure 5a) and two P reference materials (Figure
6), selected based on review of the literature about ISP Pb/Zn smelter slags. They included five glassy materials: Darwin
glass containing 1.7 % Fe by mass (Giuli et al., 2002), a Ground Granulated Blast Furnace Slag (GGBFS) containing
1.4 % S by mass (Roy, 2009), “IR-Xglass” containing 0.63 % Zn by mass (Carpenter et al., 2002), “Corning glass B”
containing 0.57 % Pb and 2.13 % Cu by mass and “Corning glass C” containing 34.1.% Pb by mass (Vicenzi et al.,
2002). XAS spectra for three Zn and two Cu reference materials reported in publications by others were also used in

this work (as described in 3.2).

X-ray fluorescence (XRF), XRD, SEM-EDS and simultaneous thermal analysis (STA) were used to study the smelter
slag elemental composition, crystalline phases, morphologies, and mass changes and energy flows as a function of

temperature, respectively. The detailed sample preparation and analytical methods are described in Supplement File D.
3.2. Collection and analyses of X-ray absorption spectra

Zn K-edge, Pb L3-edge, Cu K-edge and As K-edge XAS spectra for our Pb/Zn smelter slag and the reference materials
for these elements (nine for Zn, eight for Pb, eight for Cu and eight for As) were collected on Beamline 18, at the
Diamond Light Source, Oxfordshire, UK (Dent et al., 2009), except for AsS (also known as AsS4, realgar) and NaAsOz,
which were run at Louisiana State University’s (LSU) synchrotron research facility, the J. Bennett Johnston, Sr., Centre
for Advanced Microstructures and Devices (CAMD), USA. Fe, S and P K-edge XAS spectra (three for Fe, ten for S and
two for P) for the smelter slag sample and the relevant reference materials were also collected at CAMD, USA.

Details for Diamond Beamline 18 are reported by Bogush et al. (2019), and those for CAMD are reported by Leng et al.
(2019) and Roy and Stegemann (2017). The monochromator position was calibrated by assigning the first peaks of the
first derivatives of the K-edge of Zn foil, L3-edge of Pb foil, K-edge of Cu foil, K-edge of As powder, Fe foil, S foil and P
foil to 9.659, 13.036, 8.979, 11.860, 7.112 keV, 2.472 and 2.146, respectively. Except for the IR-Xglass and Corning
glass B, the reference materials and Zn and Fe in the smelter slag were measured in transmission mode. The elements
with lower concentrations in the smelter slag (i.e., Pb, Cu, As, S and P), and the two above-mentioned glasses, were

recorded in fluorescence mode. Eight scans were merged to improve the signal-to-noise ratio.

Based on initial analysis, more XAS spectra were required and digitally collected from the cited papers (three for Zn and
two for Cu). The Zn XANES K-edge spectrum for Nano ZnFe204 was collected in transmission mode using Si (111)
monochromator at the Elettra Synchrotrone Trieste, Italy (Akhtar and Nadeem, 2008). The Zn K-edge XANES spectrum
for Ca2ZnSi20O7 was collected in transmission mode on beamline Balder, Sweden (Rissler et al., 2020). Zn K-edge
XANES of a glass containing 2.6% Zn (“Glass2.6”) was collected by Alloteau et al. (2021) in fluorescence mode on the
SAMBA beamline of SOLEIL, France. The Cu K-edge XANES spectrum for Cu20 was recorded at the XAFS beamline
of the Stanford Synchrotron Radiation Laboratory (SSRL), USA (Gaur et al., 2009), and Cu K-edge XAS spectra for
CuzS were measured in transmission mode on beamline SSRL 4-3, SSRL, USA (Newville, 2020).

Data analysis to make the raw data from Diamond, CAMD and the cited papers comparable was performed with the
Demeter packages, including Athena and Artemis, following standard procedures (Ravel and Newville, 2005). The edge
energies Eo for the elements of interest in the smelter slag were compared with those for the reference materials, to
establish oxidation state and select reference materials for fingerprinting (see Figures 8, 12 and 15), apart from Pb,

which has a complex coordination and single oxidation state (+2). In the current study, Eo was defined as the first peak
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of the first derivative. Qualitative fingerprinting compared features in the XAS spectra of the elements of interest in the
Pb/zn smelter slag with those of the selected reference materials, including the “white line”, and subsequent variations
in absorption as a function of energy. When fingerprinting identified more than one phase, quantitative analysis was
conducted by least-squares linear combination fitting (LCF) of the spectra of the elements of interest in the Pb/Zn slag
with selected reference material spectra, over the range from -20 eV below to 30 eV above the edge Eo for XANES
spectra, and from 3 to 11-12 A1 of the wavenumber “k” for the EXAFS spectra. The results were presented with
uncertainty (‘t’) and closeness ‘R-factor’ (Calvin, 2013). Reference materials that contributed to less than 3% of the fit
were rejected. The LCF of the first derivative of Pb and Cu XANES was undertaken due to the poor features of their
XANES spectra. Fingerprinting of Pb and As EXAFS spectra was not possible due to significant noise inherent to EXAFS

of these elements.

4. Results

4.1. Elemental and mineralogical characterisation of the Pb/Zn smelter slag

The dots (labelled SS) in Figure 2 show the element concentrations measured in our Pb/Zn smelter slag sample by XRF.
The major elements, ranked from largest to lowest concentration, were Fe (31 %), Ca (10 %), Si (8.8 %), Zn (8.4 %), Al
(3.1%), S (1.6 %), Pb (1.6 %) and Mg (1.5 %), followed by minor elements Cu (0.48 %), As (0.45 %) and P (0.13 %), on
a dry mass basis. Comparison with the median element concentrations in the literature in Figure 2 indicates that Ca, Si,
Zn, Al, S, Mg, and Cu concentrations in our smelter slag were very similar. The Fe, As, and Pb concentrations of our
smelter slag were within a factor of two of the median literature concentrations, and the P concentration was within an
order of magnitude. Our smelter slag thus seems to have the elemental composition of a typical Pb/Zn slag. Full chemical

analysis results for 64 elements is provided in Supplement File B.

The mineralogical composition of our smelter slag sample determined by XRD is shown in Figure 3 (left), with an inset
showing the FTIR spectrum. The XRD pattern of the smelter slag shows one major crystalline phase: wistite (Feo.0250,
Crystallographic Open Database 96-900-9772). The peaks are broad and of low intensities, with an average crystallite
size for wiistite of 250 A. A broad hump is observed in the pattern centred at 31.4° 28 due to the glassy matrix (Ettler et
al., 2020). A few unidentified peaks remain. No Ca or Si-bearing compounds were identified by XRD, indicating that
those elements are more likely present in the amorphous matrix of this slag. The broad peak seen in the FTIR pattern
at 900 cm corroborates the glassy nature of our smelter slag and its low degree of polymerisation (Parke, 1974).
Thermal analysis of the smelter slag showed no detectable mass loss due to carbonation, absorbed moisture or

structural water, suggesting very little weathering.

The SEM/EDS results indicated that our smelter slag sample mainly contains glassy particles consisting of Ca, Fe, Zn,
Si, Al, and O with impurities of other elements (e.g., Mg and S) (Spectra 1-4 and 7-10), and inclusions of Pb oxide,
carbon, Pb (Spectra 6), Cu oxide with impurities of sulfides with impurities of As, Cu and Sh (Spectra 11-12) (Figure 3,
middle and bottom). Tiny crystals (about 1um) of mainly Fe and Zn were also observed in the glassy particles (Spectrum
5).
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Figure 3. The powder X-ray diffraction (XRD) pattern of the Pb/Zn smelter slag sample with inset Fourier-transform infrared
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Spectroscopy (SEM-EDS) of the Pb/Zn smelter slag sample (middle and bottom). The same area is emphasized by curve with same
colour (green and red), and the spots are pointed by arrows. The size of images and spot numbers are summarised in Table SC1.
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4.2. Iron, sulfur and phosphorus K-edge X-ray Absorption Spectroscopy

Fingerprinting of the Fe K-edge XANES spectrum of our Pb/Zn smelter slag sample with those of wustite (FeO),
magnetite and Darwin Glass shows a close resemblance to that of FeO (Figure 4). (Sobanska et al., 2000) reported that
some amount of substitution of Fe in FeO by Zn is possible. An Fe K-edge XANES spectrum of ZnxFe1xO could not be
obtained, however its simulation with FEFF10 (Figure 4b, based on (Kas et al., 2021) shows that Zn substitution should
result in a shift of the absorption edge to lower energy, with flattening of the inflections, even with ca. 10% Zn
replacement. Any substitution in FeO by Zn in our smelter slag thus appears to be limited, as very little shift (<0.1 eV)
in the Fe edge energy between standard FeO and our sample was seen. On the other hand, a large degree of solid
solution between magnetite (FesO4) and franklinite (ZnFe204) can take place at high temperatures, and this may have
occurred in the slag (Manceau et al., 2000, Sobanska et al., 2000). Linear combination fitting of the Fe K edge XANES
spectrum for our smelter slag with our reference materials resulted in a best fit for 66x1% FeO, 21+2% Darwin Glass
and 13+1% Fe304 with an R-factor of 6.9 x 10*. All Fe-bearing sulfide phases were rejected by this fitting. The fitted
combination is consistent with the XRD results. The inset in Figure 4a shows the Fourier transforms of the EXAFS
spectra of the fitted phases. The distances of the first two shells for the smelter slag correspond well to those of FeO

and FesOa4, corroborating their presence.

Figure 5a shows the S K edge XANES spectra of our smelter slag sample and the S reference materials, including metal
sulfides, a sulfate and GGBFS. The S K edge absorption energy shifts from ca. 2470 eV to ca. 2481 eV as the oxidation
state increases from -2 (sulfide) to +6 (sulfate) (Myneni, 2002). This is evident in the peak positions, for example, of ZnS
(a, 2472.52 eV) and Fe2(S04)3.xH20 (b, 2481.66 eV). The Pb/Zn smelter slag has a broad peak centred around 2474.45
eV and a sharper peak at 2481.38 eV. Its spectrum is remarkably similar to that of GGBFS (Roy, 2009), which is

produced under very similar conditions and has similar peaks at 2475.29 eV and 2481.38 eV.

Figure 5b shows the result of linear combination fitting of our smelter slag with those of ten sulfur reference materials.
The best fit is obtained with 44+2% GGBFS, 31+2% ZnS, 17+1% pyrrhotite (Fe;-xS) and 8+3% Fez(S04)s.xH20 with
an R-factor of 0.02. It has been established that GGBFS has polysulfide species “frozen” in the glassy matrix due to
guenching (Paris et al., 2001; Fleet et al., 2005), and it seems that a large part of the sulfur in the smelter slag is also
present in the glassy matrix. Another major component is ZnS. These phases could not be detected by XRD, as glass

is amorphous and ZnS was below the XRD detection limit of approximately 1%.
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Figure 4. Normalised Fe K-edge XANES spectra for Pb/Zn smelter slag sample and three reference materials, with an
inset of the Fourier Transforms of the EXAFS spectra (a), and calculated effect of Zn substitution in FeO on the XANES
spectrum (Kas et al., 2021) (b).
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Fingerprinting of the P K-edge XANES of our smelter slag with fluorapatite (Cas(PO,);F) and hydroxyapatite
(Cas(POa4)3(OH)) shows that phosphorus is present as apatite in the Pb/Zn smelter slag (Figure 6). The difference at B
is attributable to a lower content of Ca in the slag since Ca in apatite is easily replaced by other elements (Franke and
Hormes, 1995).
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Figure 5. Normalised S K-edge XANES spectra for our Pb/Zn smelter slag sample and ten reference materials (a), and
the best fit obtained by linear combination fitting (LCF) (b).
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Figure 6. Normalised P K-edge XANES spectra for our Pb/Zn smelter slag sample, fluorapatite (FAP) and hydroxyapatite
(HAP).

4.3. Zn K-edge X-ray absorption spectroscopy

4.3.1. Edge energy Eo

Figure 7 presents the Zn K-edge absorption edge energy (Eo) measured for the smelter slag sample among those of all
twelve Zn reference materials with an oxidation state of +2, which were chosen based on previous studies. Although

unidentified in previous studies, zinc arsenates (Zn:AsO4OH-7H20 and Zn2AsO4OH) were included, as they are
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conceivable products from the reaction of As20s and ZnO; ZnsSi20702H2-H20 may be a product from hydration of
Zn2SiO4 ((Vanaecker et al.) . Zn is tetrahedrally coordinated with oxygen atoms (in ZnOa4 units) in most of the Zn
reference materials, but it is in five-fold and six-fold combined coordination (i.e., Zn2AsO4(OH)-H20 and Zn2AsO4(OH),
in combined ZnOs and ZnOe units) in two reference materials, and octahedral (i.e.,ZnSO4-7H20 in ZnOs units) in one;
in ZnS it is tetrahedrally bonded with sulfur atoms (i.e., in ZnS4 units). Reference materials with Zn in octahedral
coordination tend to have a higher Eo than those with tetrahedral coordination. Zn in IR-Xglass appears to be in
tetrahedral coordination since its Eo lies in the range of those of other tetrahedral compounds; this is in agreement with
the results of McKeown et al. (2000). Likewise, Zn in Pb/Zn smelter slag has a relatively low Eo, suggesting tetrahedral

coordination with an oxidation number of +2.

8.0
) o] o]
® Zn reference matgrials g =
T T -
e °p 2 3
« O o] ]
0 2 £ N
e o & g
g 60 S~ E S N ¢
w O -
£ s\|¢e o]
o - @
c 50 - ¢ 8 S
c o) Qo oo [
o ‘2 = i) o @ ®
= W
T ~ ~N o 6 = O
5 4.0 o o Ne W e e
5 £/ & 3
5] b ™
© 30 i
2.0

9661.0 9661.5 9662.0 9662.5 ©663.0 9663.5 9664.0 9664.5
Edge energy EO (eV)

Figure 7. Edge energy of Zn K-edge XAS for the Pb/Zn smelter slag (SS) against coordination number, compared with
all twelve Zn reference materials.

4.3.2. Fingerprinting and fitting of Pb/Zn smelter slag spectra with Zn reference material

spectra

Figure 8a shows the Zn K-edge XANES spectrum of the Pb/Zn smelter slag sample, compared with those of the twelve
Zn reference materials with various coordination geometries. The smelter slag XANES spectrum has a shoulder at
~9665.0 eV (‘a’) and a broad peak centered around ~9668.6 (‘b’). Similar peaks appear in the silicates (i.e., IR glass
and Glass 2.6, Zn4Si20702H2-H20 and Zn2SiO4), and/or nano ZnFe204 (see lines A and B), although their intensities
differ.
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Figure 8. Normalised Zn K-edge XANES spectra for the Pb/Zn smelter slag sample (SS) and twelve Zn reference
materials (a); Experimental Zn K-edge EXAFS spectra (b) and magnitude of Fourier Transforms (c) of Pb/Zn smelter
slag and ten Zn reference materials (Fourier Transform spectra are uncorrected for phase shift).

Figures 8b and 8c present the Zn K-edge EXAFS spectrum for the Pb/Zn smelter slag sample, and its magnitude of
Fourier transform with a k-weight of 2, compared with those for ten Zn reference materials; no EXAFS data for nano
ZnFe204 and Ca2ZnSi2O7 were available for comparison. The EXAFS spectrum for the smelter slag has a single
sinusoidal oscillation (Figure 8b), which corresponds well to those in the spectra of the silicates (i.e., IR glass, Glass2.6,
Zn4Si20702H2-H20 and Zn2SiO4). The multiple sinusoidal oscillations in EXAFS spectra of ZnO, ZnAl20a4, ZnFe204 are
not present in that of the slag. The Fourier Transform spectrum of the slag has a dominant peak at 1.52 A (‘¢’) and a
shoulder at 1.92 A (‘) in the first coordination sphere of the Fourier transform (Figure 8c), followed by a minor peak at
2.67 A (‘g’). The Fourier transform spectra of all Zn reference materials show similar nearest-neighboring coordination

at roughly 1.52 A (‘e’), except for those of Zn,AsO4(OH)-H-0 and ZnS, which have a major peak at a longer distance of
14



1.55 and 1.92 A (‘f), respectively (Figure 8c). This suggests that ZnS contributes the small shoulder in the Fourier
transform spectrum of the smelter slag. The Fourier transform spectra of ZnO, ZnAl204, ZnFe204 have a much stronger
second peak at longer distances, which is also absent in that of the slag. Zn in the smelter slag is therefore more likely
to be bonded with oxygen atoms and some sulfide atoms, both in tetrahedral coordination. The peak ‘g’ (Figure 8c) for
the slag spectrum does not correspond to any peak of the shown reference materials with tetrahedral coordination,
suggesting some other forms of Zn may be present, e.g., solid solutions with wistite or iron spinels (as also suggested
by the Fe-Zn crystals observed by SEM/EDS).

Figure 9 presents the best fit of the Zn K-edge XAS spectra for the Pb/Zn smelter slag with the spectra of the reference
materials suggested by the fingerprinting. This demonstrates a good fit (R-factor = 0.002) of the XANES spectrum by
54+2% IR_Xglass, 29+3% ZnO and 17+3% ZnS in Figure 9a. This also indicates a relatively good fit (R-factor = 0.07)
of the EXAFS spectrum by 81+1% IR_Xglass, 19+2% ZnS in Figure 9b. Both results suggest that Zn speciation in the
smelter slag is likely dominated by IR_Xglass, followed by ZnS. The difference in the reference material percentages
resulting in the best fit for the XANES and EXAFS spectra, and the non-zero residual of both fits, may be attributable to
differences among the Zn spectra of different glasses and/or Zn in solid solutions with spinels and/or FeO (Manceau et
al., 2000, Sobanska et al., 2000). It would be difficult to prepare reference materials to resolve these differences, and

is arguably unnecessary, as the current results are consistent in their indication of Zn speciation, including S XAS (4.2).
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Figure 9. Results of linear combination fit (LCF) for the Zn K-edge XANES (a) and EXAFS (b) spectra of Pb/Zn smelter
slag with reference materials selected by fingerprinting. Fit range: -20-30 eV for XANES and 3-12 A for EXAFS.

4.4, Pb L3-edge X-ray absorption near edge spectroscopy

4.4.1. Fingerprinting and fitting of Pb/Zn smelter slag spectrum with Pb reference material

spectra

Figure 10a shows the Pb L3-edge XANES spectrum of the smelter slag sample, compared with those of the eight Pb
reference materials with various coordination geometries. The smelter slag and most of the Pb reference materials all
have a similar flat peak at the top of the absorption edge, making their contributions to Pb speciation in the slag hard to
discern, although the Pb spectrum is distinguished by two peaks at 13043.3 eV (‘a’) and 13056.6 eV (‘b’), and PbO and
PbSOa4 spectra have peaks at 13054.4 eV (‘c’) and 13044.6 eV (‘d’), respectively. To better identify the Pb speciation,

the first derivatives of the Pb L3-edge XANES spectra for the sample slag and the eight reference materials were
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compared (Figure 10b). The derivative spectrum of the smelter slag has a dominant peak at 13037.1 eV (‘e’) after the
shoulder at ~13030.0 eV (‘f). This peak and shoulder resemble those of glass (i.e., Corning glasses B and C), and lead
apatite (i.e., Pbs(AsO4)sCl and Pbs(POa4)sCl).

To identify and quantify the Pb phases, LCF was undertaken to fit the first derivative of the Pb L3-edge XANES spectrum
of the slag sample using the Pb reference materials identified by fingerprinting (Figure 10c). The best fit result with an
R-factor of 0.003 demonstrates a good fit of the spectrum by 60+4% Corning glass B, 29+3% Pbs(PO4)3Cl and 10+2%
PbSO4. Although the available lead apatite reference material used in this work contained chloride (2-3 %), the
concentration of chlorine in the slag was below the limit for detection by XRF (<0.00087 %). It therefore seems likely

that lead is in fact taken up by the hydroxyapatite observed by P XAS (4.2), as has been simulated with FDMNES
(Bunau et al., 2021) to show a similar spectrum.
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Figure 10. Normalised XANES (a) and first derivatives (b) of Pb L3-edge spectra for the Pb/Zn smelter slag sample and
the eight Pb reference materials; Result of its Linear combination fit using those of the Pb reference materials suggested
by fingerprinting (c; fit range: -20-30 eV).

4.5. Cu K-edge X-ray absorption spectroscopy
4.5.1. Edge energy Eo

Figure 11 shows Cu oxidation states plotted against Cu K-edge absorption energy Eo for the smelter slag sample and
the ten Cu reference materials chosen based on previous studies. The Eo increases from 8979.0 eV to 8987.2 eV and
is higher for an oxidation state of +2. The Eo of Cu in Corning glass B is close to that in CuS, in which Cu has a mix of
+1 and +2 oxidation states, while that of Cu in the smelter slag sample is between those of Cu20 and CuzS but much
smaller than that of CuO. Thus, Cu in Corning glass B likely has a mixed oxidation state of +1 and +2, and the oxidation
state of Cu in the smelter slag is likely to be +1.
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Figure 11. Absorption edge energy Eo of Cu K-edge XAS for the Pb/Zn smelter slag (SS) against oxidation states,
compared with all ten Cu reference materials. Cu20 and CuzS edge energies were collected from Gaur et al. (2009) and
Newville (2020), respectively.

4.5.2. Fingerprinting and fitting of Pb/Zn smelter slag spectra with Cu reference material

spectra

Figure 12a shows the normalised Cu K-edge XANES spectrum of the Pb/Zn smelter slag, compared with those of six
Cu reference materials with various oxidation states. Cu(OH)2 represents other Cu reference materials with an oxidation
state of +2, which have similarly intense peaks at 8994.6-8997.6 eV. Clearly differing from that of Cu(OH)2, the smelter
slag spectrum has a flat peak, showing most similarity to that of CuzS. Although the spectrum of CuS is close to that of

the slag, the minor peak at 8986.1 eV (‘a’) in the CuS spectrum does not appear in the spectrum of the slag.

Figure 12b and ¢ show the Cu K-edge EXAFS and magnitude of the Fourier transform spectra with a k-weight of 2
measured for the smelter slag and five Cu reference materials. In Figure 12b, the EXAFS spectrum of the smelter slag
sample has a single sinusoidal oscillation, which, however, does not seem to resemble those of any of the reference
materials, even that of CuzS (see lines B-E in Figure 12b). Some patterns in the slag spectrum seem to correspond to

those of metallic Cu (see lines B-D in Figure 12b). Cu may be present in more than one phase.

The single oscillation corresponds well with a dominant peak at 1.95 in the first coordination shell of its Fourier transform,
followed by a broad and weak peak at 4.0-5.0 A in the second coordination shell (Figure 12c). The distance of the first
peak (‘f') in the Fourier Transform spectrum of the slag sample is closest to those of Cu2S and CusS (see line F in Figure
12c). The shallower rising gradient of this peak in the spectrum of the slag differs from those of Cu2S and CuS, but may
be attributable to the divalent Cu reference materials, e.g., Cu(OH): or glass, which have closer distances. A broad peak
(‘h’) of the slag is likely contributed by metallic Cu (see line H in Figure 12c), corresponding to the observation made for
the EXAFS spectra.
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Figure 12. Cu K-edge XANES spectrum of Pb/Zn smelter slag, compared with those of six Cu reference materials (a).
Experimental Cu K-edge EXAFS spectra (b) and magnitude of Fourier Transforms (c) for Pb/Zn smelter slag and five
Cu reference materials (Fourier Transform spectra are uncorrected for phase shift).

To estimate the quantities of the major Cu phases in the slag sample, LCF of its Cu K-edge XANES, its first derivative,
and the EXAFS spectra with the spectra of the Cu reference materials suggested by the fingerprinting was undertaken.
In Figure 13a, the best fit result of the Cu K-edge XANES spectrum with an R-factor of 0.0004 demonstrates a good fit
of the spectrum by 71+1% Cu2S, 14+1% metallic Cu, and 14+1% Cu(OH).. The best fit of the first derivative of the Cu
K-edge XANES spectrum for the slag resulted in an R-factor of 0.03. This indicates a good fit of the spectrum by 69+2%
CuzS, 14+2% metallic Cu, and 13+1% Cu(OH): in Figure 13b. In Figure 13c, the best fit result with an R-factor of 0.08
demonstrates a good fit of the EXAFS spectrum by 65+5% CuzS, 16+£1% metallic Cu, and 19£1% Cu(OH)-.
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Figure 13. Results of linear combination fitting for Cu K-edge XANES (a) and the first derivative (b) of its XANES spectra,

and EXAFS spectra (c) of the Pb/Zn smelter slag with Cu reference materials suggested by fingerprinting. Fit range: -
20-30 eV.

4.6. As K-edge X-ray absorption spectroscopy result of As

4.6.1. Edge energy Eo

The edge energy Eo against oxidation states for As in the slag sample and eight As reference materials, which were

chosen based on previous studies, is shown in Figure 14, five of which have a valency of +5, two of which have an
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oxidation state of +3 (As2Ss and As203) and one of which has an oxidation state of +O (As). The Eo increases from
11866.5 eV to 11876.1 eV with an increase in oxidation state from 0 to +5. Compared to As2S3, As203 has a higher Eo
(+4.0 eV). This can be qualitatively explained by the larger attraction between an electron and the nucleus compared to
its attraction of oxygen ion at the same oxidation state. The same Eo shift has also been observed in previous studies
(Monico et al., 2022). Arsenic in our Pb/Zn smelter slag has a relatively lower Eo of 11869.7 eV, suggesting that its
average oxidation state is likely close to +3.
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Figure 14. Absorption edge energy Eo of As K-edge XAS for the Pb/Zn smelter slag (SS) against oxidation states,
compared with all eight As reference materials.

4.6.2. Fingerprinting and fitting of Pb/Zn smelter slag spectrum with As reference material
spectra

Figure 15a shows the As K-edge XANES spectrum of the Pb/Zn smelter slag sample, compared with the eight As
reference materials. The XANES spectra of all As reference materials have an intense peak, except for that for metallic
As, which has a broader and weaker peak. The XANES spectrum of the slag has two peaks at 11872.4 eV (‘b’) and
11874.9 eV (‘c’) and a shoulder at ~11868 (‘a’). The shoulder ‘a’ corresponds to AsS (see line A), peak ‘b’ corresponds
to NaAsO:2 and As20:s (see line B), peak ‘c’ corresponds to Caz(As(V)0a4), Zn2As(V)O4(OH) and As20s (see line C).

To estimate the quantities of the major As phases in sample slag, LCF of its As K-edge XANES spectrum with those of
the As reference materials suggested by the fingerprinting was undertaken. In Figure 15b, an R value of 0.005
demonstrates a good fit of the spectrum for XANES of sample slag by 51+1% NaAsO2, 28+1% As20s and 21+4% AsS.
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Figure 15. Normalised As K-edge XANES spectra of the Pb/Zn smelter slag and eight As reference materials (a), and
result of linear combination fitting using the As reference materials suggested by fingerprinting. Fit range: -20-30 eV (b).

5. Discussion

The median Pb/Zn smelter slag contents of Zn, Pb, Cu and As (7%, 0.7%, 0.4% and 0.2 % by mass, respectively)
suggest that the 1 Mt/y of Pb/Zn smelter slag that continue to be produced worldwide are a source of 70, 7, 4 and 2 kt/y
of Zn, Pb, Cu and As. These elements could potentially be recovered from this waste, or could otherwise gradually leach
into the environment, at a rate dependent on their solubility and the slag disposal conditions. Both the recovery and

environmental leachability of elements from slag are closely linked to solid phase speciation.

The Pb/Zn smelter slag investigated in our study mostly consists of crystalline wiistite and Ca- and Fe rich silicate glass
with a low degree of polymerisation. Wistite was the only phase detected by XRD, but Fe K-edge XANES showed that
the iron is also present as magnetite, and in the glass. The reducing atmosphere in the furnace explains the dominance
of the reduced oxidation state of iron (Fe?*) in the smelter slag. The SEM/EDS results indicated that the glassy matrix
also contains Ca, Fe, and Zn, along with other elements (e.g., S) at lower concentrations. A major fraction of the sulfur
in the slag is in glass, its speciation being similar to that of sulfur in GGBFS.

XRF showed 8.4% Zn by mass in the slag but no crystalline phase containing Zn was detected by XRD. Qualitative and
guantitative analysis of Zn K-edge XAS of the slag sample suggests that Zn is not restricted to a single phase, but is
likely mainly taken up by the glassy slag, followed by ZnS (also corroborated by S K-edge XANES). The minor gaps
presenting in the fitted and experimental spectra of Zn in the slag (Figure 9) are possibly attributable to a solid solution
with FeO (suggested by XRD) and/or FesOas (suggested by Fe K-edge XANES) (Manceau et al., 2000, Sobanska et al.,
2000). This is supported by the SEM/EDS observation of tiny crystals containing mainly Fe and Zn. The solid solution
of Zn in crystalline FeO, however, is excluded based on the fact that edge shift between Fe XANES spectra for FeO
and FeO substituted by Zn atoms was absent in the slag spectrum. The solid solution of Zn in Fez04 is also supported
by the fact that the second peak in the Fourier Transform spectrum of Zn K-edge EXAFS for nano ZnFe204 shifted to a

closer distance to that of the slag (‘g’ in Figure 8c), observed by Akhtar and Nadeem (2008). Zn, like Fe, can be taken
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up in aluminosilicate phases, such as glass or other minerals, during high temperature roasting (Ettler et al., 2020, Li et
al., 2017, Hu et al., 2014, Ettler and Johan, 2014, Piatak and Seal Il, 2010, Ettler et al., 2009, Puziewicz et al., 2007).

ZnS is remaining from the concentrate, and solid solutions of Zn and FesO4 could be formed during roasting.

Analysis of the Pb L3-edge XANES spectrum of the slag in comparison with those of reference materials suggested that
Pb was mainly present in glass and apatite, with some lead sulfate. Pb, with a large ionic radius, is more readily taken
up by silicate glass than common silicates or oxides (Ettler et al., 2020), as was also observed by SEM/EDS. The
presence of apatite was confirmed by qualitative analysis of the P K-edge spectrum of the slag. Either or both Ca and
P in apatite are often replaced by other elements, e.g., Pb or As, respectively (Elliott, 1994). The replacement of P by
other elements has only a minor influence on the features of Pb XANES spectrum of apatite minerals. For example, the
Pb L3-edge XANES spectra of Pbs(POa4)sCl and Pbs(AO4)sCl resemble each other in current study and its simulation

with FDMNES (Bunau et al., 2021) also shows similar spectra.

Cu K-edge XAS analysis of the slag and the reference materials suggested that Cu was mainly present as Cu:S,
followed by metallic Cu and Cu(OH).. Due to the higher affinity of copper for sulfur than oxygen, CuzS is more likely to
form than copper oxides (Marakushev and Bezmen, 1971), while some metallic Cu could also form in the reduction
stage of the smelting process. Formation of some weathering products, e.g., Cu(OH):2 is plausible, since the slag was
obtained from a heap exposed to the open air and rain for several decades (Piatak and Seal I, 2010, Nowinska, 2020).
However, the small proportion of Cu(OH): is consistent with the shiny morphology of the studied slag, and absence of

water in the thermal analysis, which suggest that the weathering reaction happens very slowly.

Arsenic K-edge XANES of the slag and the reference materials suggested the presence of As in multiple phases, mainly
NaAsO:, followed by As20s and AsS. AsS remains from the concentrate, As20s is formed during roasting, and NaAsO:
could form by the reaction of As203 during weathering. The XAS results correspond well to the XRF results, which found
abundant S (1.6 wt.%), relative to Cu (0.48 wt.%) and As (0.45 wt.%), in the slag. SEM-EDS also found Fe sulfide with
impurities of As and Cu. However, it is noteworthy that all the species with similar oxidation states for As have similar
spectra, so it is difficult to determine which exact species of As(lll) and As(V) may be present. This could explain the

small gaps between the fitted and experimental As XANES spectra for the slag in Figure 15b.

Systematic examination of literature findings regarding the mineralogy of Pb/Zn smelter slag, Pb smelter slag and Zn
slag (Table 1) showed similar minerals containing the major elements for three types of slags, but there was little
information about phases containing minor elements due to the detection limits of the characterisation techniques
applied (mainly XRD, followed by SEM-EDS, EPMA and Raman spectroscopy). The XAS findings in the current work
not only confirm (e.g., ZnS and Cu2S) and expand (e.g., metallic Cu) the results from the literature about crystalline
phases, but also bring insights into amorphous materials (e.g., Zn and Pb in Ca- and Fe rich silicate glass) that comprise
much of the slag matrix. The element specificity and spatial resolution of XAS provide more quantitative information
about the distribution of elements among their various forms, and also oxidation states, in the whole matrix. It, therefore,
solves the overlapping problem of quantifying mineral compositions despite the heterogeneity of the slag and also

significantly reduces the intensive labour that is required by EPMA or SEM-EDS.

The identified metal speciation in the Pb/Zn slag can not only be used for an assessment of the potential for
environmental pollution, but also be a precursor to examination of changes in speciation as a result of treatment of the
slag. For example, solidification/stabilization of the slag in cement or co-processing of this waste in a cement kiln
depends not only on the concentrations of both useful and toxic elements, but also respeciation of contaminants to a
less mobile form. Recovery of valuable elements, e.g., Zn and Pb, to remove hazards in the waste also depends on

their speciation. Policy development for waste management also depends on an understanding of waste composition
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and contaminant mobility. For example, end-of-waste assessments (in the EU, and presumably elsewhere) need this

information to be able to compare wastes intended for utilisation with conventional materials.

6. Conclusions

This study found that both Zn and Pb have an oxidation state of +2, but Cu has a mix of 0, +1 and +2 valences and As
has a mixed oxidation state of +3 and +5. Zn was mainly present in glass, followed by ZnS and/or solid solutions with
spinel FesO4. Pb was identified mainly in the forms of glass and apatite (e.g., Pbs(PO4)3sOH), and Cu was found mainly
in CuzS, followed by metallic Cu and a weathering product, Cu(OH)2. The dominant As speciation seems to be NaAsOz,
arsenic (V) oxides (e.g., As20s), and arsenic sulfide (e.g., AsS). It is significant for the development of waste
management regulation and/or metal recovery methods (e.g., hydro/pyrometallurgy) that the solubility of the majority of
the Zn, Pb and As could be controlled by a change in pH, while the solubility of most of the Cu and some Zn and As can
be increased by oxidation. The application of XAS in our study of slag significantly improved our understanding of
speciation of the elements of interest at relatively low concentrations in a heterogeneous matrix, regardless of the

crystallinity.
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Environmental Implications

Current production of Pb/Zn smelter slags is about 1Mt/y, and past disposal of more than 25 Mt of these slags has
already deposited nearly 2 Mt of zinc, 0.2Mt of lead, 0.1 Mt of copper and 0.05 Mt of arsenic in the environment. These
elements could potentially be recovered, or will gradually leach out, depending on their speciation and the disposal
conditions. This work has used X-ray absorption spectroscopy to determined the speciation of these elements, which

will help to understand the risks these slags pose and develop better disposal, utilisation or element recovery techniques.

Highlights

e ~1 Mt/y of Pb/Zn smelter slags are a source of 70, 7, 4 and 2 kt/y of Zn, Pb, Cu and As, respectively
e Zinc and lead are both mainly in glass, but also as ZnO or ZnS, or Pb apatite and PbSO,

e Copper is mainly Cu,S, with Cu metal and Cu(OH),

e Arsenic is mainly in NaAsO,, and also As,0s and AsS

e Elucidation of elemental speciation at low concentration in complex matrices by XAS is shown
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