
sustainability

Review

Exploring the Potential for Utilization of Medium and Highly
Sulfidic Mine Tailings in Construction Materials: A Review

Natalia Pires Martins 1,* , Sumit Srivastava 2 , Francisco Veiga Simão 3,4,5 , He Niu 2, Priyadharshini Perumal 2,
Ruben Snellings 6, Mirja Illikainen 2 , Hilde Chambart 3 and Guillaume Habert 1

����������
�������

Citation: Martins, N.P.; Srivastava,

S.; Simão, F.V.; Niu, H.; Perumal, P.;

Snellings, R.; Illikainen, M.;

Chambart, H.; Habert, G. Exploring

the Potential for Utilization of

Medium and Highly Sulfidic Mine

Tailings in Construction Materials: A

Review. Sustainability 2021, 13, 12150.

https://doi.org/10.3390/su132112150

Academic Editors: Vincenzo Torretta

and Elena Magaril

Received: 26 September 2021

Accepted: 29 October 2021

Published: 3 November 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Chair of Sustainable Construction, ETH Zürich, Stefano-Franscini-Platz 5, 8093 Zürich, Switzerland;
habert@ibi.baug.ethz.ch

2 Fibre and Particle Engineering Research Unit, University of Oulu, P.O. Box 8000, FI-90014 Oulu, Finland;
sumit.srivastava@oulu.fi (S.S.); he.niu@oulu.fi (H.N.); priyadharshini.perumal@oulu.fi (P.P.);
mirja.illikainen@oulu.fi (M.I.)

3 Central Laboratory for Clay Roof Tiles, Wienerberger NV, 8500 Kortrijk, Belgium;
francisco.veiga@kuleuven.be (F.V.S.); hilde.chambart@wienerberger.com (H.C.)

4 Research Centre for Economics and Corporate Sustainability, KU Leuven, 1000 Brussels, Belgium
5 Division of Geology, Department of Earth and Environmental Sciences, KU Leuven, 3001 Leuven, Belgium
6 Sustainable Materials Management, VITO, Boeretang 200, 2400 Mol, Belgium; ruben.snellings@vito.be
* Correspondence: martins@ibi.baug.ethz.ch

Abstract: Medium and highly sulfidic tailings are high-volume wastes that can lead to severe
environmental damage if not properly managed. Due to the high content of sulfide minerals, these
tailings can undergo weathering if put in contact with oxygen and water, generating acid mine
drainage (AMD). The moderate-to-high sulfide content is also an important technical limitation for
their implementation in the production of construction materials. This paper reviews the use of
sulfidic tailings as raw material in construction products, with a focus on cement, concrete, and
ceramics. When used as aggregates in concrete, this can lead to concrete degradation by internal
sulfate attack. In building ceramics, their implementation without prior treatment is undesirable
due to the formation of black reduction core, efflorescence, SOx emissions, and their associated
costs. Moreover, their intrinsic low reactivity represents a barrier for their use as supplementary
cementitious materials (SCMs) and as precursors for alkali-activated materials (AAMs). Nevertheless,
the production of calcium sulfoaluminate (CSA) cement can be a suitable path for the valorization of
medium and highly sulfidic tailings. Otherwise difficult to upcycle, sulfidic tailings could be used in
the clinker raw meal as an alternative raw material. Not only the SO3 and SiO2-rich bulk material
is incorporated into reactive clinker phases, but also some minor constituents in the tailings may
contribute to the production of such low-CO2 cements at lower temperatures. Nevertheless, this
valorization route remains poorly explored and demands further research.

Keywords: valorization; calcium sulfoaluminate cement; ceramics; alkali-activated materials; aggregates

1. Introduction

The extraction of metals from their natural occurrences involves several steps, where
each step is accompanied by the production of considerable amounts of waste [1]. At the
global level, annual waste production is estimated to vary from 5–7 billion tonnes [2] to
up to 10 billion tonnes [3]. Estimates suggest that the EU has a stock of 4700 Mt mining
wastes, of which 1200 Mt is mine tailings [4]. Mine tailings are the wastes generated
during the several mineral processing steps—e.g., crushing; grinding; gravity, magnetic or
electrostatic separation; and flotation—used to physically separate the ore concentrate from
the mined material [5]. The properties and quantities of those tailings can vary significantly
based on the properties of the mined materials and the extraction methods utilized [6].
Among them, the tailings rich in sulfidic minerals are of particular concern because of
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their severe environmental impacts including acid mine drainage (AMD) accompanied
by environmental leaching of pollutants with potentially severe impacts on groundwater
quality, local biodiversity, etc., [7–9].

AMD is generated by aqueous oxidation of sulfidic minerals leading to the formation
of sulfuric acid. In abiotic conditions, oxidation occurs either in a single step by direct
oxidation with oxygen or in multiple steps by indirect oxidation through Fe3+; indirect
oxidation is usually found to be the dominant route [5]. Therefore, while Fe-rich sulfides
like pyrite and pyrrhotite exhibit very high reactivities, Fe-poor sulfides like sphalerite,
covellite, etc., have lower reactivities [10]. Due to the high importance of Fe3+ in the
oxidation of sulfidic minerals, the rate of oxidation is known to decrease as the solution
pH is increased to >3, since Fe3+ concentrations in the solutions decrease with an increase
in solution pH [11]. In addition to the Fe3+ concentration and mineral composition, the
rate of AMD generation of sulfidic tailings is dependent on a range of other variables
like particle size and surface area; crystallinity/amorphicity; crystal defects due to the
presence of trace elements; the co-presence of multiple sulfidic minerals; temperature; bed
porosity; availability of water; microbial activities; metal to sulfur ratios; and precipitation
of secondary minerals [10].

Present tailings management techniques try to prevent the oxidation of sulfidic mining
wastes mainly by managing their accessibility to oxygen. In this context, tailings dams
and impoundment have been among the most popular tailing management methods due
to their ease of application and low economic costs [12]. The popularity of the tailing
dams can be judged from the presence of more than 3500 tailing dams globally, some of
which can even exceed 100 m in height with millions of m3 water-saturated tailings [5].
Due to their huge size, tailing dams are susceptible to catastrophic failures, threatening
human lives, the environment, and economic activities in the short term [13], in addition
to prolonged environmental contamination. There have been more than 120 tailing dam
failures since 1960, leading to the release of billions of tonnes of tailings [14]. Among the
most recent major failures, in 2020, nearly 2.53 million m3 of Mo tailings from the Tieli
mine in China traveled 200 km down the Yijimi River contaminating drinking water of
at least 70,000 residents [15]. In one of the biggest tailing dam failures of 2019, nearly
12 million m3 tailings were released from the Córrego de Feijão mine in Brazil, causing the
death of more than 250 people, and severe contamination of the Rio Paraopeba River [16].
In 2017, the failure of a dam in the Mishor Rotem phosphate mine in Israel led to the
release of ~100,000 m3 acidic water, causing severe destruction to the local ecology and
environment [17]. Clearly, the risks of failure of tailing dams and impoundments is not too
infrequent and poses a severe risk to the local population and biodiversity.

To mitigate some of the problems related to tailing dam construction and their failures,
surface paste disposal (SPD) techniques involving dewatering of the tailings to prepare
stacks of dried tailings has also been pursued [18,19]. While they offer several advantages
including water recovery, they introduce additional engineering challenges and costs,
such as dust generation, waste liquefaction, control of rheological parameters for paste
transportation [2]. Moreover, long-term environmental concerns related to leaching and
AMD are still applicable [20]. Another emerging alternative is to utilize/dispose thickened
tailings in cemented paste backfills (CPB). This involves the preparation of composites of
binders and mine tailings to fill back the void created by mining [21,22]. These composites
are usually composed of <10–20% binders and have compressive strengths in the range
of 150–300 KPa [23,24]. In addition to the safe disposal of the tailings, CPB offers added
advantages of allowing underground storage leading to lower failure risk compared
to tailing dams; reduced area requirement due to higher density; reclamation of water,
reagents, and energy; lower environmental leaching; and stabilization of the adjacent mines
by backfilling, enabling safer mining, etc., [22,25]. While CPB is considered relatively safer
compared to tailing dams, instability of the composites, especially due to the reaction of
the binders with sulfur, acids, or minor elements like arsenic, and eventual oxidation of
the sulfidic tailings in the failed CPB are major concerns [26]. Another alternative is to
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utilize low-permeability dry covers with materials like geotextiles, low sulfide waste rocks,
oxide wastes, organic wastes, clay, soils, clay-rich subsoils, etc., [5,12,27]. The alkaline
covers especially offer the dual advantage of low oxygen permeability and its role as a
neutralizing agent.

In the above-mentioned popular tailing-management approaches, the sulfidic tailings
remain in their relatively unstable states, ready to oxidize when oxygen is available. More-
over, while Fe-poor sulfides are not prime candidates for AMD, they are also known to
cause environmental leaching [28]. Valorization strategies are therefore welcome to mini-
mize the economic and environmental cost of tailings disposal. Recycling of such tailings
is aligned with the United Nations’ Sustainable Development Goals (SDGs), particularly
to SDG11 “Sustainable Cities and Communities” and SDG12 “Responsible Consumption
and Production” by minimizing the output of waste [29], and offers an exciting, and rather
unexplored, opportunity to transition from waste-management to waste-valorization. In
this paper, we will focus on the potential ways to valorize these wastes. We will first assess
in detail various compositions from the literature. This will allow us to draw perspective on
valorization potentials depending on their physical, mineralogical and chemical properties.
We will consider the following valorization routes: (a) raw material in clinker produc-
tion, (b) supplementary cementitious material (SCM), (c) precursor in alkali activated
materials (AAM), (d) aggregates in concrete, and (e) building ceramics. CPBs will not be
considered here.

2. Sulfidic Tailings

The sulfidic wastes are mainly produced during the extraction of certain metals that
occur mainly as sulfidic minerals. The major sulfidic minerals are listed in Table 1.
Table 1. Major sulfidic ores and respective metals of interest [5,30].

Mineral Chemical Form Metals of Interest

Chalcopyrite CuFeS2 Cu, Au, Ag
Bornite Cu5FeS4 Cu

Covellite CuS Cu
Chalcocite Cu2S Cu
Sphalerite ZnS Zn, Cd, In, Ga, Ge

Galena PbS Pb, Ag
Acanthite Ag2S Ag

Pentlandite (Fe, Ni)9S8 Ni
Molybdenite MoS2 Mo

Pyrite FeS2 Cu, Au, Fe, S
Pyrrhotite Fe1−xS Ni, Cu, Pt, Fe
Millerite NiS Ni

A summary showing the scale of metal production mainly from sulfidic minerals is
presented in Table 2. The low average percentage of concentrate with respect to the gross
ore, associated with the large yearly production of individual metals, give a picture of the
scale of global sulfidic tailings production. Those massive amounts are of great concern in
the world as well as in Europe. Some examples of huge volumes of sulfidic mine tailings
produced by individual mines are (a) the Neves Corvo Cu-Zn mine (Portugal) produces
2.9 million tonnes of tailings per year [31], (b) the Mamut Cu-Au-Ag mine (Indonesia)
produced 250 Mt of overburden and 150 Mt tailings during its operation (1975–1999) [32],
(c) the Lavrion Ag-Pb mine (Greece) has produced nearly 800,000 m3 of sulfidic flotation
tailings, occupying a 94,000 m2 area [33], (d) the Navodari mine (Romania) has generated
nearly 1,000,000 m3 of pyritic cinders [34], (e) the Laver Cu-Au-Ag mine and Stekenjokk
Cu-Zn-Cu mines (Sweden) respectively stored 1.2 million tonnes and 4.4 million tonnes
of tailings in containments [35], (f) it is estimated that Alberta, Canada needed at least
130 km2 for tailings slurry impoundment [36], (g) the O’Kiep Cu-Pb-Zn ores in South Africa
has nearly 5.8 Mt metalliferous tailings [37].
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Table 2. Metals production mainly from sulfidic sources (values reported for 2016), and their
composition in the gross ores.

Metals Tonnes/Year
(Global) [38]

Average % Concentrate in
Gross Ore [39]

Average % Metal in
Gross Ore [39]

Gold 3120 0.0663 0.00021
Silver 26,600 2.552 0.034

Copper 20,100,000 3.33 1.04
Lead 4,700,000 16.52 11.86
Zinc 12,600,000 14.5 8.34

Nickel 2,040,000 23.45 1.83
Mercury 3670 NA NA

Antimony 14,000 NA NA
Molybdenum 279,000 0.24 0.13

2.1. Physical Properties

Tailing particle size distributions (PSD) are highly variable and difficult to generalize,
as they are delineated by specific process requirements [9]. Froth flotation, for instance,
has a requirement for particles in the range of approximately 20–150 µm [40], while the
gravitational settling method utilizes particles of around 1 mm [9]. Physical properties
such as particle size, shape, and density are of critical importance for tailings management
and valorization. Not only for applications that demand a higher level of rheological
control, i.e., CPB, but also for other uses of sulfidic tailings in construction materials. The
tailing fineness affects the packing, water demand, and workability of mortar, concrete,
and CPBs [41], and their reactivity if used as a partial replacement for cement.

Examples of the PSD of medium and highly sulfidic tailings obtained utilizing laser
diffraction granulometry [25,31,42–47] were redrawn from the literature and are presented
in Figure 1. Table 3 shows the diameter ranges observed for d10, d50, and d90, specific
surface area (SSA), and specific gravity (SG).

Figure 1. Particle size distributions of medium and highly sulfidic tailings obtained from the
literature [25,31,42–47].
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Table 3. Physical properties of medium and highly sulfidic tailings obtained from the literature.
D-values obtained from PDS curves in [25,31,42–47]; SG values from [31,42–44,47–55], and SSA
values from [48,51–53,55,56].

d10 (µm) d50 (µm) d90 (µm) SG (g/cm3) SSA (m2/g)

1.6–7.3 14.3–62.9 64.5–277.6 2.85–4.13 0.366–1.895

The comparison of particle size distributions shows some divergences between tailings.
Some of them are very fine, with d90 < 65 µm, values that are similar to Portland cement
(d90 < 60 µm). Other tailings contain large amounts of coarser particles (d90 between 100
and 277 µm). Nevertheless, overall, sulfidic tailings present a large fraction of fine particles.
The values of specific surface area (SSA) are between 0.366 and 1.895 m2/g. The specific
gravity of the tailings varies between 2.85, in the low-sulfide tailings reported by [47], and
4.13 g/cm3, in the highly sulfidic tailings used by [53]. The high variability in specific
gravity is linked to the variable chemical and mineralogical composition of the tailings.
However, the values found correspond to intermediates between typical values of siliceous
matrices (SGquartz = 2.65 g/cm3) and pyrite (SGpyrite = 5.00 g/cm3).

The particle size distribution of tailings can be modified by several processes i.e.,
grinding, desliming, and granulation. The modifications caused by such processes may
affect not only physical properties like particle size and shape but also the chemical
composition and mineralogy of tailings. One example of such changes is described by [51].
The authors reported that after removal of fine particles and clay minerals of highly sulfidic
tailings by desliming, the SiO2 + Al2O3 content and specific surface area (cm2/g) of the
tailings were observed to decrease by 28% and 47%, respectively. Additionally, the amount
of sulfidic minerals was seen to increase, thereby increasing the specific gravity of the
deslimed tailings.

2.2. Chemical Composition

Sulfidic tailings can be classified according to their sulfur content as low (S < 5%),
medium (5% < S < 20%), and high sulfur-containing tailings (S > 20%) [57]. In order to
discuss general aspects of the chemical composition of sulfidic tailings, examples of the
chemical compositions of medium and highly sulfidic metal tailings were collected from
18 publications, most of which address solidification/stabilization and CPB of sulfidic
tailings [25,31,42,44–48,50,52–56,58–61]. Table 4 shows a summary of the compositions
collected. The trace elements, including a complete list of the heavy metals reported, are
presented in Table 5.

Table 4. Summary of chemical compositions (elements > 1%) of medium and highly sulfidic tailings
obtained from the literature. Since a few studies have not reported the contents of all major oxides,
only the higher limit was included in the % range of some oxides.

Al2O3
(%)

SO3
(%)

CaO
(%)

SiO2
(%)

Fe2O3
(%)

K2O
(%)

MgO
(%)

ZnO
(%)

BaO
(%)

<12 9–51 <17 <42 24–51 <1.8 <5 <1.15 <2.3

Table 5. Trace elements of medium and highly sulfidic tailings obtained from the literature.

TiO2
(%)

Na2O
(%)

P2O5
(%)

Sb2O3
(%)

Cr2O3
(%)

SnO2
(%)

SeO3
(%)

<0.8 <0.8 <0.2 <0.05 <0.2 <0.01 <0.3

CuO
(%)

Pb2O5
(%)

NiO
(%)

As2O3
(%)

CoO
(%)

Bi2O5
(%)

<0.5 <0.4 <0.9 <0.4 <0.05 <0.03



Sustainability 2021, 13, 12150 6 of 23

The chemical composition of tailings is variable since it depends on many factors: the
mineralogy of the ore body, the nature and efficiency of the metal extraction process, and
the degree of weathering during storage in the dammed impoundment [9]. Nonetheless,
medium and highly sulfidic tailings typically contain high Fe2O3, SiO2, and SO3 contents,
and low to moderate Al2O3 and CaO contents. In the collected papers, summed primary
oxides (SiO2, Al2O3, and Fe2O3) range from 45 to 89%, which is generally lower in highly
sulfidic tailings, due to higher SO3 content. Most of the tailings (16) present CaO content
below 6%, except for a few examples, which have calcite as one of the major minerals, as
is indicated in the XRD patterns [45,56]. On the other hand, the Al2O3 content tends to
be slightly higher than CaO due to the usual presence of Al-bearing minerals. Because
metal extraction processes are never 100% efficient, metals and metalloids other than Fe
are present in the tailings [9]. Mg, Mn, K, Ti, and Na oxides are generally present in
minor amounts, and a number of residual heavy metals can be systematically observed in
concentrations below 1.5% (Zn, As, Cu, Pb, Cr).

In many cases, the tailings present low loss-on-ignition (LOI) values, as in [32,56],
which indicates the absence of significant organic and residual carbon contents. In other
cases, however, LOI values range from 14–29%. It is known that sulfide or iron oxidation,
dehydration of gypsum, metallic oxyhydroxides, and clays, volatilization of components,
and loss of inorganic carbon affect LOI values [62]. Those reported high values are most
probably caused by mass losses due to the decarbonation of carbonate minerals and sulfur
volatilization in the tailings.

2.3. Mineral Phase Composition

The chemical composition of tailings is very much linked to their mineralogy. Al-
though amorphous or poorly crystalline ferric hydroxides may precipitate as a result of
AMD [5], overall, tailings are rather crystalline and low in organic matter content. Although
many publications present only qualitative X-ray diffraction (XRD) analyses of the tailings
and unreported amorphous content, a collection of quantitative mineralogical results was
obtained from the literature. Table 6 presents a summary of the example mineral phase
compositions collected; results are expressed as percentages of crystalline phases.

Table 6. Summary of mineral phase compositions of medium and highly sulfidic tailings obtained
from the literature [12,43,44,49,50,53,54,59,61], expressed as percentages of crystalline phases.

Sulfides Quartz Chlorites Carbonates Iron Ox-
ides/Hydroxides

Examples

pyrite, pyrrhotite,
sphalerite,

arsenopyrite,
chalcopyrite,

galena, covellite

calcine, dolomite,
ankerite, siderite,

huntite, magnesite,
kutnohorite

goethite,
hematite,
magnetite

% % % % %
18–80 8–46 0–18 0–16 0–15

Micas Feldspars Sulfates Clay minerals

Examples muscovite,
paragonite

albite,
micro-
cline,

plagio-
clases

anhydrite,
gypsum,
szomol-
nokite,

rhombo-
clase

kaolinite, talc

% % % %
0–9 0–16 0–11 0–16

Sulfidic tailings have highly heterogeneous and deposit-specific mineralogy, which
may include sulfides, silicates, oxides, hydroxides, phosphates, halides, and carbonates [5].
The major sulfide phase is most often the gangue mineral pyrite (FeS2). However, most of
the tailings are polysulfide, including other sulfides such as pyrrhotite (Fe(1−x)S), sphalerite
((Zn, Fe)S), chalcopyrite (CuFeS2), galena (PbS), covellite (CuS), and arsenopyrite (FeAsS).
Pyrite content ranges from 15–56% in the data collection, while the contents of other sulfides
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fall below 4%, and most often below 1%. As a result of the wide variability, significantly
different mineralogical compositions are also found, as the 80% pyrrhotite-tailings reported
by [61].

Quartz is a typical major mineral in the tailings, followed by other gangue minerals
such as chlorites, feldspars, and carbonates. Calcite (CaCO3) and dolomite (CaMg(CO3)2)
are common carbonates, but other examples are magnesite (MgCO3), siderite (FeCO3),
huntite (Mg3Ca(CO3)4), ankerite (Ca(Fe,Mg,Mn)(CO3)2) and magnesian kutnohorite
(Ca(Mg,Mn)(CO3)2). Their total amount is below 16% in all tailings from the reviewed papers.

Clay minerals such as kaolinite and montmorillonite are of special interest in the
context of calcined tailings. However, aluminosilicate clay minerals, when present, are
reported in minor amounts in the literature. Some examples are 2.1% and 0.7% kaolinite
(Al2Si2O5(OH)4), as reported in [51,55]. Non-quantified illite was also reported [49], in
addition to 16.4% of a magnesium silicate, talc (Mg3Si4O10(OH)2) [43]. Along with the
groups of minerals mentioned in Table 6, amphiboles, some of which are known for their
severe effects on human health [63], spinels, and pyroxene have also been mentioned in
some of the publications collected.

Sulfidic tailings are known to be unstable even in ambient conditions [10]. Depending
on the reaction conditions and exposure durations, several secondary, tertiary, and quater-
nary minerals are known to co-exist with the primary minerals [64]. Oxidation of sulfides
can lead the sulfidic tailings to be rich in sulfates, hydrous sulfates, oxides, hydroxides,
etc., [5]. Many of these secondary minerals can still be highly water-soluble, leading to
severe environmental consequences [65]. In order to discuss the possibilities of reuse and
valorization of sulfidic mine tailings, their chemical composition, mineralogy, and physical
properties need to be known.

3. Applications of Sulfidic Tailings in Construction Materials

As the utilization of industrial by-products and wastes as binder components and
aggregates constitute a valuable segment of cement and concrete technology [66], the
construction sector offers unique opportunities for tailings valorization. Besides, this
sector has been intensively driven towards diversification of resources. The huge world
annual production of cement and concrete (several billions of tonnes per annum) requires
that alternative resources have a long-term secure supply of at least tens of thousands of
tonnes per annum to feed into local production facilities processing similar volumes of
cement or concrete [67]. At a local level, a significant environmental benefit can beachieved
through the exploitation of local opportunities for raw materials. This allows for the
development of products and technologies optimized for a specific context or application,
rather than the one-type-fits-all approach [68]. The sustainable use of construction materials
produced from wastes must be guaranteed throughout their entire life cycle. In order to
guarantee their environmental performance during their production, service life, recycling
and disposal, trace elements must be permanently immobilized onto those products.

3.1. Clinker Production

Alternative raw materials and alternative fuels are among the decarbonization strate-
gies used by the cement industry to reduce the environmental impact of clinker produc-
tion [68]. Those strategies consist of utilizing industrial, municipal, and agricultural wastes
and by-products to integrate the clinker raw meal or as a source of energy in the cement
kiln. By doing so, the cement industry lowers the consumption of natural resources, re-
duces the CO2 emissions in clinker production, and provides appropriate disposal for
wastes that would otherwise be incinerated or landfilled. While wastes consisting mainly
of combustible organics are usually regarded as alternative fuels, wastes containing CaO,
SiO2, Al2O3, and Fe2O3 are usually used as alternative raw materials [69].

Tailings of different origins have been proposed as alternative sources of CaO, SiO2,
Al2O3, and Fe2O3 to produce PC and special clinkers, as reviewed by [70]. The authors
suggested that the high variability in tailings composition can challenge their effective
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implementation as clinker raw materials. Nevertheless, even limited utilization ratios as
corrective materials were found to offer environmental and technical benefits to tailings-
based clinkers. Figure 2 presents the positions of medium and highly sulfidic tailings
in ternary diagrams (using data from Section 2.2). In Figure 2a, chemical compositions
arerepresented in terms of CaO, SiO2, and Al2O3 + Fe2O3 to enable comparisons of the se-
lected materials to typical clinker raw meal compositions. Figure 2b includes an important
component of the tailings, SO3.

Figure 2. Chemical composition of the medium and highly sulfidic tailings expressed in terms of
(a) CaO, SiO2, and Al2O3 + Fe2O3, and (b) SO3, SiO2, and Al2O3 + Fe2O3. Zones in light gray and
orange correspond to typical compositions of clinker raw meals of PC and CSAB, respectively.

It can be seen in Table 4 and Figure 2a that, apart from a few calcite-containing
tailings, the CaO content in medium and highly sulfidic tailings is low, which makes
them unsuitable to be used as a calcium source in clinker raw meal. The displacement
of composition points towards the Al2O3 + Fe2O3 corner is caused mainly by the high
iron content in the tailings, rather than high alumina concentrations. Figure 2b shows that
the tailings contain considerable amounts of SiO2, Fe2O3, and SO3, besides modest Al2O3,
in proportions compatible with typical raw meals of low-CO2 clinkers, such as calcium
sulfoaluminate (CSA).

CSA cements belong to a group of ye’elimite-containing cements, which also in-
clude Calcium sulfoaluminate-belite (CSAB) and Belite-Ye’elimite-Ferrite (BYF) cements.
They have been developed on a commercial basis and used in real applications, pri-
marily in China, since the 1970s [71], and are produced by mixing sources of calcium,
silicon/aluminum, and sulfur, usually limestone, clay, and/or bauxite and gypsum, respec-
tively. Ranges of individual phase contents vary according to clinker type, as well as the pre-
dominant phase. Commercial CSA cement contains 50–80% of ye’elimite (Ca4(AlO2)6SO3,
or C4A3$ in cement notation), followed by 30–10 wt.% of belite (Ca2SiO4, or C2S), and
are used mainly in applications that require rapid setting, early strength, or shrinkage
compensation [72]. This class of cement can be produced in existing Portland cement
plant installations, at temperatures around 1250 ◦C, using a conventional cement kiln
system. Other advantages include lower CO2 release during the production of CSA clinker
main phase (C4A3$), when compared to PC clinker main phase (alite, Ca3SiO5, or C3S),
easier grindability, larger clinker dilutions with calcium sulfate, and the possibility of using
various industrial by-products in the kiln feed [73,74].

In terms of chemical composition, the utilization of tailings as alternative raw materials
in the CSA clinker kilns allows for higher utilization rates than in Portland cement raw
meals. While the SO3 levels must be kept low in the PC raw meals, moderate SO3 content
is required in order to produce C4A3$ in CSA clinkers. Candidates for incorporation of
Fe2O3 in such clinkers are ferrite (Ca2AlxFe2−xO5, or C4AF) and iron containing-ye’elimite
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(Ca4(AlxFe1−xO2)6SO3, or C4A3−XFX$). In addition, tailings can be a secondary silica
resource for the production of C2S in such clinkers.

Limited literature exists on the use of medium and highly sulfidic tailings as raw
materials for clinker production. The existing studies [75–77] focus on their upcycling
in CSA clinker raw meals and utilize tailings containing 9.12–48.4 wt.% SO3. In one of
the studies [75], CSAB was produced from tailings containing calcite, dolomite, quartz,
kaolinite, gypsum, pyrite, galena, and sphalerite, in addition to high concentrations of
heavy metals (Pb, Zn, Sr, Ba). Clinkers containing belite, ye’elimite, and ferrite were
obtained utilizing 45–50% replacement ratios in the raw meal. The authors showed that
partial immobilization of Pb, Zn, and Cu was obtained after clinkerization and improved
after hydration of the cements. Another study also showed efficient immobilization of
heavy metals [78].

Most of the sulfide minerals have been found to be highly volatile, and their de-
composition is usually accompanied by the release of mainly SOx during clinkerization.
Thus, although S is partially incorporated into solid phases, a fraction of it escapes to
the gas phase mainly as SO2 [79] and may require gas cleaning installations—e.g., SO2
scrubbers—to reduce SOx emissions to the environment. If standard calcium oxide based
scrubbing is used, the products—anhydrite or gypsum—can be reincorporated in the
clinker raw meal feed. As envisioned by Hanein et al. in their study utilizing sulfur as
fuels for CSAB production [80], the recovered sulfur product could find an immediate
use in the final cement product. It has been shown that, at optimum conditions, 4–5% of
sulfur decomposes during the production of CSA cement using highly pyritic tailings [76].
Volatilization of heavy metals and alkalis during the clinkerization of sulfidic tailings has
not yet been addressed in publications.

Minor constituents contained in tailings, reported in Table 5, may have a miner-
alizing/fluxing effect on the clinkering process, lowering processing temperatures and
enabling the coexistence of phases that would otherwise be unstable at a given temperature
range. Examples of minor elements which can have a mineralizing effect in CSA clinkers
are CuO [81–83] and ZnO [84]. Concentrations of minor elements in three examples of
highly sulfidic tailings are shown in Figure 3. ZnO and CuO are minor oxides present in
amounts that can potentially play a role in mineralization. Nevertheless, the effect may not
always be beneficial, and the burnability of the mix can be reduced if refractory minerals
are contained in the raw materials—e.g., coarse quartz [85].

Figure 3. Minor elements in sulfidic tailings [54,59].

The effect of minor elements is not limited to the clinkerization process. For ye’elimite-
containing cements, in particular, several studies have demonstrated that trace elements
can affect cement hydration, performance, morphology of hydrates, and microstructure
of pastes and mortars. Interested readers are referred to Supplementary Table S1 (refer
to electronic Supplementary Materials), which presents the highlights of publications on
the effect of minor elements in ye’elimite-containing cements. In order to promote the
upcycling of sulfidic tailings as a raw material in CSAB clinker production, the mineralizing
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effects of minor elements, as well as their influence on early hydration and environmental
performance of CSAB cement must be further investigated.

The matrix of ye’elimite-containing cements has shown to be suitable for immobi-
lization of hazardous elements in insoluble hydration products. Those cements provide
a different cementitious environment, i.e., the pH of CSA lies at 10.5–11 whereas PC has
a pH of 13, and, according to clinker mineralogy and the amount of extra sulfate added
(in the form of gypsum or anhydrite), the hydrate phase assemblage includes ettringite
(3CaO·Al2O3·3CaSO4·32H2O), AFm (monosulfate) phases, aluminum hydroxide (Al(OH)3
or AH3) and C-S-H. Fixation of heavy metals may take place not only in ettringite crystal
lattice, which can accommodate substitutions of bivalent and trivalent cations and oxyan-
ions [86,87] but also in AFm phases and C-S-H, as reviewed by [88]. The leaching of heavy
metals incorporated in CSAB hydrates was investigated by [89]. Zn has been added by the
dissolution of 0.5 mol/L of ZnCl2 in mixing water during the preparation of cement pastes.
Zinc was not detected in the leachate, and the mechanisms of immobilization proposed
were the precipitation of an unknown phase (possibly LDH) at an early age (<1 day),
and probable sorption of Zn2+ onto aluminum hydroxide (AH3) at a later age. Excellent
retention values of Pb, Cd, Zn, and Cr3+ were obtained utilizing a CSA clinker (53.5%
C4A3$ and 21.2% C2S) and 20–30% gypsum addition [90], as well as in a synthetic system
containing C4A3$, gypsum, and lime in stoichiometric ratios for ettringite formation [86].
In the latter, high concentrations (10 wt.% of binder) were used to simulate extreme condi-
tions. A waste stream containing even higher concentrations of hazardous elements (>60%)
was partially stabilized by chemical and mechanical encapsulation utilizing CSAB [91].
Nevertheless, the immobilization of oxyanions, i.e., (CrO4)2−, (Cr2O7)2− [90,92], SeO2− [91]
can be more challenging and dependent on the gypsum addition. In CSAB cementitious
systems containing up to 50% cement replacement with low sulfidic tailings, a study also
shows an effective reduction in the release of heavy metals and sulfate in leaching tests [93].
Even for challenging elements (As, V) immobilization was achieved already after 7 days of
hydration, and improved after longer curing times.

3.2. Supplementary Cementitious Materials (SCMs)

Widely used to partially replace cement, supplementary cementitious materials (SCMs)
are finely ground materials that contribute to the properties of Portland cement-based
materials through hydraulic or pozzolanic activity or both. Globally, it is estimated that
650 million tonnes of SCMs are used each year [94]. The use of those materials leads to
a significant reduction in CO2 emissions per tonne of cementitious materials mainly due
to a reduction in the clinker content in cement production. Besides, it also enables the
utilization of the by-products and wastes of industrial manufacturing processes as binder
components. Materials conventionally used as SCMs are blast furnace slag, fly ash from
coal combustion, natural pozzolans, silica fume, calcined clays, and limestone.

Considering the limited supply of high-quality SCMs, significant effort has beenspent
to explore the potential of several waste materials over the last decades. Some waste materi-
als, however, present physical and chemical properties that are undesirable or unacceptable
for their use in blended cements [94]. Very limited data have been published on the use
of mine tailings as SCMs. As far as sulfidic tailings are concerned, the publications are
particularly scarce. Reasons for that are relative to several incompatibilities observed on
their properties. It was verified, for instance, that sulfidic tailings do not comply with
common cement standards in terms of composition, in particular SO3 contents. Based on
the data from Section 2.3, mineralogical composition of sulfidic tailings can also limit their
direct utilization as SCMs. Most of the tailings contain major minerals that do not actively
participate in pozzolanic or hydration reactions, such as quartz and sulfides. Besides, it
has to be pointed out that the tailings undergo chemical transformation in the long term
due to oxidation of sulfide minerals, which can lead to sulfide-induced degradation in the
cementitious matrix [95,96].
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In the study performed by [93], mortars were prepared from blends of CSAB clinker
(48% ye’elimite, 29% belite), gypsum, and untreated tailings (7.4% SO3). The authors
targeted the use of tailings as an additional source of sulfate to contribute to CSAB cement
hydration and strength development. The CSAB–gypsum ratio was kept constant and
equal to 9:1; w/c = 0.5 (water–cement ratio) and sand content (75 wt.%) were also kept
constant. The increasing replacement of CSAB by untreated tailings reduced the strength
and workability of the mortars, but all mortars showed strength gain with increasing
age (strength was reported up to 90 days). However, when normalizing the strength to
the CSAB content in each mortar (MPa/g of CSAB cement), mortars containing 25% and
50% wt. tailings seem to show a slight improvement in strength. The improvements are
slight, therefore not enough to compensate for the dilution effect due to partial replace-
ment of CSAB with the sulfidic tailings, resulting in the observed reduction on measured
strength values. Reduction on measured strength but not on normalized strength was
also observed in 7 day pastes containing 40% replacement with copper tailings (0.7% SO3)
activated by calcination and grinding [97]. Along with chemical activity, finely ground
materials can provide a simultaneous physical contribution to cement hydration known
as the filler effect [98]. The filler effect of fine tailings can be pointed out as a reason for
the apparent improvement in performance considering normalized values. At the high
replacement ratios investigated by [92], dilution effects due to cement replacement arefully
compensated only in the case of reactive SCMs. In the case of largely inert fine materials,
contributions to performance due to filler effects are more evident at low (up to 20%)
replacement ratios [99]. For that reason, in the case of fine sulfidic tailings-cement mortars,
low replacement ratios can lead to improvement in performance even if the tailings have
low intrinsic pozzolanic or hydraulic reactivity. This aspect has not yet been the subject of
a comprehensive investigation.

Aiming at increasing the reactivity of tailings, several authors have reported the utiliza-
tion of pre-treatments before their use in combination with Portland cement. Those studies
have been performed in tailings other than sulfidic, but could be adapted for the treat-
ment of sulfidic tailings. Highlights are presented individually in Supplementary Table S2.
Some studies have successfully demonstrated that calcination of tailings containing clay
minerals [97,100,101] and grinding [97,102,103] are effective activation methods for mine
tailings. Through calcination, kaolinite decomposes and produces a highly reactive amor-
phous material, i.e., metakaolinite. Other clay minerals like palygorskite, montmorillonite,
and illite can also be artificially transformed into pozzolans after calcination [104]. Nev-
ertheless, a minimum clay mineral content, especially kaolinite, appears to be required
to significantly enhance the mechanical properties of mortars produced from calcined
tailings. It must be noted that those minerals are not typically present in major amounts
in sulfidic tailings (Table 6). Besides, the decarbonation of carbonate minerals such as
calcite, dolomite, and siderite takes place when calcination temperatures are beyond the
decarbonation threshold of such minerals, as observed by [97]. A recent study has shown
that co-calcination with carbonate minerals can lead to an increase in pozzolanic activity
of low-grade aluminosilicates—e.g., mica and illite-rich materials [105]. In addition to
reacting with the decomposed aluminosilicates, the reactive lime and periclase reacts with
some feldspar and silica phases forming poorly crystalline phases that contribute to an in-
crease in pozzolanic activity. Incorporation of Ca released from the decarbonation of calcite
into the amorphous fraction was also observed in another study [106]. The calcination of
sulfidic tailings rich in low-grade aluminosilicates and carbonate minerals may increase
their pozzolanic activity. It must be noted that thermal activation leads to a reduction of the
environmental benefits of the use of tailings as SCMs, especially in low-strength concretes.
This is due to the relatively low amount of cement that is necessary to obtain the same
mechanical performance at low strength levels [107].

The oxidation of sulfide minerals can also take place as a result of thermal treatments,
as observed in tailings subjected to roasting [59,108]. Unlike calcination, roasting is carried
out at lower temperatures, typically half of those used in calcination, and mostly in sulfidic
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ores. Particularly for highly pyritic tailings, calcination and roasting can dramatically
modify the mineralogy of the tailings materials, as well as their behavior in cementitious
systems. Pyrite oxidation during roasting takes place according to different reactions, re-
sulting in a number of intermediate and final products, such as hematite (Fe2O3), magnetite
(Fe3O4), iron (ferric or ferrous) sulfates (Fe2(SO4)3, FeSO4), and sulfur dioxide (SO2) [109].
Roasted sulfidic tailings containing soluble sulfates could be utilized as a replacement for
anhydrite in cement. However, this valorization route remains unexplored.

3.3. Alkali-Activated Materials (AAMs)

Alkali-activated materials (AAMs) are novel binder materials coined by Davidovits
in 1972 [110], where the negative charge of aluminosilicate tetrahedra units (precursors)
from typical calcined kaolinite (i.e., metakaolin) was balanced with positive cations from
alkali activator such as sodium hydroxide and sodium silicate, forming a three-dimensional
aluminosilicate framework [111]. Aluminosilicates are commonly found in many of the
industrial side streams such as tailings, slags and ashes, which gives an opportunity to
produce such AAMs in more sustainable way.

Prior to the recycling or reuse of mine wastes, mineralogical analysis is rather essential
to determine the subsequent application in AAMs as precursors [112]. The combination
with industrial side streams or metakaolin to produce co-binders is well studied during
the last decades. The available studies referring to sulfidic mine tailings are detailed in
Supplementary Table S3. Alongside the fabrication of co-binders, heavy metals (including
Pb, Cu, Zn, Mn, Ni, and Co) are prone to be stabilized in AAMs matrix via chemical and
physical immobilization [113,114]. However, some oxyanions such as Mo, As, Se, Cr and
Sb can be more leachable after alkali-activation due to the high pH environment [115].

Nevertheless, the valorization of sulfidic mine tailings in AAMs as sole precursor
has been little investigated. A detailed summary is provided in Supplementary Table S4.
The main obstacle can be the originally low aluminosilicate content and following alumi-
nosilicate dissolution in alkali activator. The alkali-activation of untreated mine tailings
is difficult, and they usually do not harden if there is no treatment applied or co-binders
introduced [116,117]. Particularly, Pacheco-Torgal et al. [118] observed that calcination
of tailings (3.10% SO3) at 950 ◦C for 2 h can enhance the compressive strength of alkali-
activated mortar above 35 MPa. These results were attributed to the activation of muscovite
in the tailings by thermal treatment, which is commonly observed in several non-sulfidic
tailings [119]. Yao et al. [120] conducted mechanical activation of gold mine tailings (0.16%
SO3) as the precursor for alkali-activation. Decreased particle size and crystallinity along
with increased specific surface area and crystal defects were observed as a result of mechan-
ical activation [121,122]. The mechanically activated mine tailings–cement mortar reached
an activity index—the compressive strength ratio with standard cement sample—of 79% as
cement additives, being a greener and more effective approach to upscale the use of mine
tailings. Nevertheless, the tailings used in the cited studies have sulfur contents lower than
5 wt.%, whilst the utilization of mining wastes containing medium and high sulfur content
as sole precursors has not yet been reported.

In summary, mining wastes that are rich in aluminosilicate can be promising candi-
dates for precursor for AAMs. The sulphur and metal(loid)s can be sufficiently immobilized
in a geopolymer matrix [123]. Nevertheless, pre-treatments are essential for AAM prepa-
ration based on the previous research. For that, two pre-treatment methods are typically
applied: thermal treatment and/or mechanical treatment. Both facilitate the formation of
amorphous phase(s) through dehydroxylation and structural collapse of the aluminosili-
cates, thereby increasing their alkaline dissolution. To fully achieve the potential of complex
minerals wastes upcycling, techniques such as flotation and sieving could be applied prior
to the pre-treatment step. The application of such separation techniques is needed in a
prospective view, once they could produce an aluminosilicate-rich fraction of the tailings.
To illustrate, the mechanical treatment of quartz and sulfides leads to energy consumption,
yet there is no crystalline disorder occurring. It is also expected that new methods can be
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sought out in the aspects of alternative alkali activators [124], production of wet mix [125],
and novel binder formation (Fe-rich geopolymers) [126].

3.4. Concrete Aggregates

Aggregates are granular materials with particle size greater than 75 µm that consti-
tute a major portion (60–80%) of concrete. They have significant influence on workabil-
ity, concrete strength, dimensional stability, durability, and cost of production [127,128].
In addition to the silicate, carbonate, and oxide minerals, sulfide minerals may also be
present in the natural aggregates [129]. However, according to technical recommendations,
aggregates are required to have low S content [130], as low as 0.1% S by mass if the presence
of pyrhotite is proven [131], to be recommended for concrete production. The limitation
is directly related to the degradation phenomenon initiated by the oxidation of sulfide
minerals when in contact with oxygen and humidity [132–134]. Even at very low sulfide
content—e.g., 0.28% by volume [135], aggregates can cause severe cracking in concrete in
the long term. The cracks originate from iron sulfide-containing regions and then extend
into the cement paste. The degradation mechanism is known as internal sulfate attack and
was found to cause several structural failures [132,133,135,136].

The progress of the deleterious reaction is determined by the change in surface area of
the reactants and, therefore, on the initial grain size of the sulfides [136]. The finer the sulfide
particles, the larger the potential damage induced by sulfidic tailings in concrete. Soluble
sulfates generated by sulfide oxidation can react with hydrated PC according to a series of
chemical reactions to form gypsum, monosulfoaluminate, and ettringite [136,137]. The type
of degradation product formed is dependent on the pH and the availability of sulfate and
calcium [136]. Expansion takes place due to the generation of larger volume products which
include the mentioned sulfate-containing phases and iron hydroxides [132,133,135,136].
Together with structural damage, aesthetic issues such as staining are also known to
develop [138].

Hence, the high sulfide content makes the direct use of untreated sulfidic tailings in
aggregate applications impractical [31,139]. Moreover, the typically high content of fine
particles harms workability, in addition to the increase in water demand and resulting in
an undesirable effect on the microstructure and strength development [140]. Innovative
techniques are therefore required to allow for the use of such materials as aggregates in
construction. The techniques of granulation or combined granulation/carbonation have
been employed to produce secondary aggregates from fly ash [141], basic oxygen furnace
(BOF) steel slag [142,143], MSWI ash [144,145], and mine tailings [146]. Improvements
in particle size distribution are obtained by the production of granules with adequate
mechanical properties for civil engineering applications, as well as reduced leaching of
contaminants and CO2 uptake. The use of co-binders in the granulation process is expected
to further improve the stabilization of the deleterious heavy metals and sulfides present in
the tailings.

Granular aggregates have been produced from sulfidic tailings (S = 9%) using com-
bined hydration of a dual MgO/GGBS binder and CO2 curing [146]. The major mineral
phases in the tailings were quartz, calcite, pyrite, arsenopyrite, muscovite, and dolomite.
The strength of the granules develops when MgO activates GGBS to produce hydrated
phases such as C–S–H and magnesium–silicate–hydrates (M–S–H), which form structural
networks in the solidified materials and contribute to the granule strength. The accelerated
carbonation conditions contribute to the conversion of MgO to magnesium carbonates, as
well as to the carbonation of C–S–H and M–S–H. Factors found to significantly influence the
strength of the granules were carbonation conditions, MgO/GGBS ratio, and the granule
size i.e., smaller granules (4 mm) were found to be stronger than larger granules (up to
10 mm) due to increased CO2 uptake by the external layer [143,146]. The mine tailings
used in the study contained high concentrations of heavy metals like PbO (13.9%) and ZnO
(3.1%). However, the leaching behavior of toxic elements has not been assessed. Further
studies should investigate the environmental safety of secondary aggregates produced
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from mine tailings in order to guarantee that they meet environmental acceptance criteria
set by national legislations.

While the low aluminosilicate content in such tailings makes them unsuitable can-
didates for alkali-activation, those materials have been employed as fine aggregates
—often referred to in the literature as co-binder, as discussed in Section 3.3—in inorganic
polymer-based mortars [31,60]. In addition to good metal immobilization, moderate
strength (around 4–5 MPa, suitable for backfilling applications) was obtained. Never-
theless, long-term investigations are required to assess the durability and environmental
impact assessment of such mixes.

3.5. Building Ceramics

Non-metallic mineral deposits—e.g., sandstones, gravel, and clay mineral deposits
—accounted for almost half (48%) of the global natural resource extraction [147]. Depletion
of these natural resources [148] calls for more sustainable approaches within the raw mate-
rials sector. For a raw-material-intensive sector like ceramics, which uses large quantities
of clay and sand, alternative materials, such as mine tailings, can present a solution to
moderate natural resource scarcity and promote environmental net gain. Therefore, from
the volume perspective, ceramic production presents an opportunity for the utilization
of side stream materials such as sulfidic mine tailings. Nevertheless, the valorization of
medium to highly sulfidic mine tailings in traditional ceramics, such as roof tiles, inner
wall blocks, pavers, and facing bricks, has not been broadly studied mainly due to their
high sulfur and hazardous metal(loid)s contents.

The high sulfur contents of tailing materials can lead to several environmental prob-
lems, as well as technical and aesthetical issues of ceramic products. It has been found that
the liberation of SOx during the firing process not only leads to increased SOx emissions,
but it can also lead to bloating effects in the product [149]. Apart from increasing the
SOx emissions and associated costs during the firing process (flue gas cleaning), the high
content of sulfur can result in the formation of a black reduction core in the ceramic bodies
and, in extreme situations, bloating of the product. A black core is typical for bodies with
high releases of SOx and COx [150], which create a reducing atmosphere where Fe2O3 is
then reduced to Fe3O4 [151]. While for some ceramic products black core is beneficial as it
increases their strength, for ceramic roof tiles a black core can lower their frost resistance
during freeze–thaw cycles [152]. Moreover, high concentrations of sulfur in the ceramic
body, present in the form of soluble sulfates, can cause efflorescence on the surface of the
product. The soluble salts within the raw materials are carried to the surface of the body
by capillarity as the water is being driven off during drying process. The formation of
soluble sulfates is caused by the reaction between the available SOx and free Na2O, K2O,
CaO, the later coming from the decomposition of lime, which originates soluble calcium
sulfates, mainly in the mineral phase of gypsum [153] or anhydrite [154]. If soluble sulfates
are already present in the unfired wet blend, dry efflorescence can be avoided by adding
some BaCO3, as insoluble BaSO4 is formed [155].

Several studies deal with the incorporation of mine tailings, mainly in ceramic bricks,
as showcased in previous review articles [156–163]. Only a few studies deal with incorpora-
tion into roof tiles [150,164], while wall and floor tiles are more often considered, as well as
building glass-ceramics due to immobilization of metal(loid)s in crystalline phases [165].
Nevertheless, due to the aforementioned technical and aesthetical issues raised by high
sulfur content, mainly low sulfidic mine tailings were used in detailed investigations. The
collected studies and their main conclusions are presented in Supplementary Table S5.

The research studies dealing with environmental performance of sulfidic tailings-
based building ceramics are limited. The use of gold (Au) and rare earth elements (REEs)
tailings (up to 40 wt.%) was studied in clay-based bricks [149]. Even though open porosities
and densities were acceptable for brick production, the material failed the environmental
performance test, showing high mobility of As, Pb, and Zn on the fired bricks. The most
probable cause is further mobilization of metal(loid)s after the decomposition of sulfides
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during firing. In another study, bricks incorporating up to 30 wt.% treated calamine (lead)
tailings and up to 10 wt.% glass waste showed suitable physical and mechanical properties.
However, the fired bricks showed exceeded leaching of Zn after the end-of-life test [166].

In order to overcome the challenges of using sulfidic mine tailings with high sul-
fur and metal(loid)s content in traditional building ceramics, novel and green cleaning
techniques (e.g., microwave roasting, bioleaching) must be further developed and imple-
mented. Such techniques must be applied to the tailings before incorporation in ceramics
to remove undesirable sulfur [59,167–169] and recover valuable metals [170–174]. These
pre-treatment techniques need to be optimized and aligned with the end-product intrin-
sic characteristics, as well as the technical and aesthetical properties, and environmental
compliance. Nevertheless, pre-treatment may not always be required if the sulfide content
in the tailings is low. A recent study dealing with low sulfidic Pb-Zn tailings showed that
ceramic roof tiles and blocks containing 20 wt.% tailings can achieve satisfying technical
and aesthetical properties and can be recycled as aggregate material in a 2nd life scenario,
following environmental regulations, without the need of any pre-treatment [175].

4. Concluding Remarks and Further Perspectives

Sulfidic tailings usually accumulate near the mining sites forming heaps of deposits
or in tailings impoundments, which occupy considerably large areas and may cause
serious environmental contamination, especially for rivers, groundwater, and soils, in case
of containment failure. Alternatively, they are used in applications that are capable of
tolerating multiple contaminants and require low performance, such as CPBs. Due to the
significantly high volumes of production, the requirements for management, and numerous
environmental concerns, it is desirable to valorize sulfidic mine tailings in high-volume
applications such as construction materials.

In this review, the potential for utilization of sulfide-rich mine tailings in construction
materials was explored. Only a very limited number of studies have attempted to utilize
sulfidic mine tailings with >25% SO3 as SCMs, alternative aggregates, building ceramics,
clinker raw material, and precursors for AAMs. This is mainly due to several important
technical incompatibilities, mostly related to the high sulfur content in the tailings, presence
of unstable mineral phases, and high concentrations of heavy metals. Such characteristics
originate the technical challenges summarized in Figure 4.

Nevertheless, the average oxide composition of medium and highly sulfidic tailings
suggests a high potential for their incorporation in CSAB clinker raw meal. Since clinker
making takes place at high temperatures, the mineralogical compositions of the tailings
is of lower importance than for applications such as alternative aggregates, SCMs, and
precursors in AAMs. Although the rare existing studies confirm this promising valorization
path, the research on the topic is still emerging. Additionally, the use of tailings as a co-
binder in the preparation of alkali-activated materials has also shown encouraging results
especially with respect to efficient immobilization of toxic metals. For that application, as
indicated in Figure 4, high incorporation rates of highly sulfidic tailings have been reported
in the literature.

Ideally, the removal of heavy metals (As, Cr, Sb, B, V) and extraction of valuable
metals (Zn, Fe, Cu, Ni, Pb) must take place upper in the value chain, which requires inter-
disciplinary collaboration and the development on new technologies. Nevertheless, lower
need of pre-treatments can benefit the implementation of sulfidic tailings-based products
in terms of cost and energy efficiency, given that the developed tailings-based materials
are capable of providing safe disposal of hazardous metals. For most of the applications
discussed in this article, the environmental performance of sulfidic tailings-based building
materials remains a challenge. In order to comply with the regulatory framework, the
hazardous elements present in the tailings must be permanently immobilized onto the
products, which demands comprehensive knowledge of the mechanisms of immobilization
under both normal and adverse conditions. In addition, in the context of the circular econ-
omy, it is important to assess in advance the environmental performance of the products’
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second life application in order to avoid landfilling or incinerating. Studies of such nature
employing medium or highly sulfidic tailings have not been widely reported.

Figure 4. Overview of challenges of the use of sulfidic tailings in construction materials. Values
of maximum amount of tailings incorporated into the products and SO3 content in the tailings
correspond to the ones reported in [48,75,100,146,176,177]. Higher incorporation rates tested in those
studies show less promising results.

In the particular case of CSAB clinker production, the existing studies show promising
results regarding leaching of heavy metals. The immobilization takes place during the
formation of clinker phases and remains after cement is hydrated. Future studies must
address the mechanisms of immobilization during both stages, as well as assess the gener-
ation of toxic emissions due to heavy metal volatilization. With respect to lowering SOx
emissions during clinker making, the raw meal formulation must aim at maximizing sulfur
incorporation into clinker phases. Additionally, exploring the potential of minor elements
as mineralizers would further promote the upcycling of tailings.

Although the sulfidic tailings present high content of fines, their latent hydraulic
or pozzolanic properties are low. Activation processes are therefore required to enhance
their suitability for application as an SCM or as a precursor in AAM. As the available
literature in AAM shows, those tailings have only been employed to produce mixtures
in which other materials i.e., slag, metakaolin, display the role of main precursors. Less
attention is given to the active chemical role of the tailings in the mix, and they are often
regarded as fillers or fine aggregates is such materials. Future work on the activation of
medium and highly sulfidic tailings must take into account that conventional activation
methods may not be directly applicable to such materials, given their particular mineralogy.
Transforming unstable sulfides into soluble sulfates in a pre-treatment step can be cited



Sustainability 2021, 13, 12150 17 of 23

as a potentially interesting and rather unexplored route for tailings activation—e.g., to be
used as a replacement for anhydrite.

However, the effective selection of appropriate treatments can only be done when the
potentially reactive components in the tailings fraction are identified. For that to happen,
proper physical, chemical and mineralogical characterization of tailings must be performed.
On the other hand, the development of methods for sulfidic tailings’ inertization, i.e.,
reducing the sulfide and sulfate content, would favor their application as a filler material,
aggregate in concrete, and in the ceramics industry. The energy intensity of the pre-
treatments needs to be taken into account—while sometimes prohibitive, in other cases
highly energy intensive pre-treatments may be justified by the end use potential of the
treated tailings.

A clear need was identified to map, identify and characterize sulfidic tailings—e.g.,
creating a materials passport—in order to fully understand their composition and potential
use as resources for other industries. The development of economically feasible and
low-impact technologies that extract potentially valuable elements, neutralize or remove
incompatible compounds and activate the tailings is key to overcome the barriers for their
upcycling in construction materials.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/su132112150/s1, includes highlights of publications on the effect of minor elements in
ye’elimite-containing cements (Table S1), a short review of experimental studies on the use of tailings
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