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Abstract: Utilizing iron silicate copper slag as supplementary cementitious material (SCM) is a means
to improve resource efficiency and lower the carbon dioxide emissions from cement production.
Despite multiple studies on the performance of these slags in SCM applications, the variations in
cooling procedure, grinding, and methods for evaluating reactivity limit the ability to assess the
influence of chemical composition on reactivity from the literature data. In this study, a methodology
was developed to synthesize iron silicate slags, which were then evaluated for their inherent reac-
tivity using the R3 calorimeter-based experiments. The results demonstrated that laboratory-scale
granulation produced the same reactivity as industrially granulated slag. Furthermore, a synthesized
triplicate sample showed high repeatability. Based on these two aspects, this method can be used to
systematically study the influence of chemical composition on the inherent reactivity of iron silicate
slags while producing results that are directly translatable to industrial slags.

Keywords: synthetic iron silicate glass; copper slag; supplementary cementitious material; recycling;
circularity

1. Introduction

Copper production is associated with high slag rates; on average, 2.2–3.0 tons of slag
are generated per ton of produced copper [1,2]. Based on these figures combined with
data on copper production [3], the worldwide annual generation of copper slag is between
47 and 64 million tons. Undoubtedly, the slag must be utilized to ensure sustainable copper
production from a resource-efficiency standpoint.

Several external applications for copper slag have been reported, e.g., various construc-
tion applications excluding cement and concrete [1,2,4,5], blasting abrasive media [2,4–6],
auxiliary sand in concrete [1,2], and for its pozzolanic properties, i.e., as supplementary
cementitious material (SCM) [1,2]. Since the cement industry accounts for 5–8% of global
anthropogenic carbon dioxide emissions [7,8], utilizing copper slag in cementitious ap-
plications is an attractive alternative. Using the slag as an SCM would improve resource
efficiency while lowering carbon dioxide emissions per ton of cementitious material. The
former effect is obvious, i.e., the lower requirements for the generation of virgin material,
while the latter relates to the fact that the SCM requires neither calcination nor clinkering [9].

A study on the possibility of using copper slag as an SCM was performed by Tixier et al. [10]
in 1997. The results showed that the incorporation of the slag improved the compressive
strength of mortars after curing beyond seven days [10]. Since 1997, several studies have
been published explicitly addressing iron silicate copper slags for SCM applications [6,11–20].
Furthermore, an additional study has incorporated the slag in a comparison of different
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SCMs [21]. The slag compositions included in these studies are presented in Table 1. The pri-
mary methodologies employed for these slags include mortar testing [6,11–14,16,18,21], ce-
ment composite testing [17,19,20], isothermal calorimetry on Portland cement blends [12,14,19,20],
isothermal calorimetry using the R3 test [21], as well as the Chapelle and Frattini tests [14].

Table 1. Summary of slag compositions evaluated for SCM purposes in the literature. The re-
ported concentrations [wt%] were rounded to one decimal point. The FeO/SiO2 ratio was, however,
calculated based on the reported values from the authors.

Ref. FeO/SiO2 FeO 1 SiO2 CaO Al2O3 MgO ZnO 1 Cu 1

[17] 1.12 37.9 33.9 12.7 4.7 0.8 / /
[19] 1.14 37.9 33.3 12.3 4.6 1.1 1.3 1.4
[19] 1.14 36.9 32.3 19.5 3.9 0.9 1.2 1.2

[16,21] 1.14 36.8 32.3 3.9 11.0 / / /
[19,20] 1.27 42.3 33.4 4.0 3.5 1.4 1.1 /

[10] 1.35 47.5 35.2 3.3 5.0 0.6 / 0.5
[6] 1.46 48.1 33.1 6.1 2.8 1.6 / 0.4

[15] 1.49 46.9 31.5 3.2 8.5 4.4 0.3 1.3
[14] 1.58 40.9 25.9 7.1 5.9 0.8 8.8 0.3
[12] 1.80 54.0 30.1 0.6 4.0 0.8 / /
[13] 1.98 55.5 28.0 2.5 4.0 1.2 / 0.7
[11] 2.15 56.0 26.0 2.0 3.3 2.7 0.9 1.1

1 Analyses given for different oxidation states (0, +I, +II, or +III) were recalculated to FeO, ZnO, and Cu to enable
the comparison.

The studies have concluded that iron silicate copper slags exhibit pozzolanic proper-
ties [12,14–16,21]. However, the inherent reactivity is lower than, e.g., ground granulated
blast furnace slag [21,22], which is reflected when reviewing data on mortars and cement
composites. More specifically, the data presented after the study by Tixier et al. [10]
is ambiguous in terms of the contribution to the strength development. Several stud-
ies have shown that partial replacement of Portland cement with copper slag improves
strength [11,13], whereas other studies have shown negative effects [6,12,14,16]. Nonethe-
less, accounting for the replacement ratio used in the different studies, the overall conclusion
is that iron silicate copper slags contribute to the strength of both mortars [11–14,16] and
composites [17,19].

The reactivity of SCMs depends on such parameters as the degree of crystallinity, glass
structure, thermal history, granulometric properties, and chemical composition [23–30],
which, naturally, have not been constant between the different studies discussed in relation
to Table 1. In addition, the summary of the methodologies utilized in the different studies
highlights the fact that different means to assess the reactivity of the copper slags have been
employed. Therefore, the previously published data cannot be used across different papers
to offer insight into how variations in chemical composition affect the reactivity of copper
slags. However, two studies have subjected slags of different compositions to testing at
the same laboratory [18,19]. The study by Wang et al. [18], comparing ten different copper
slags, did not focus on the compositional aspect, which provides challenges in assessing
their data in this manner. On the other hand, Feng et al. [19] conducted laboratory-scale
experiments to change the calcium oxide content of an industrial slag systematically. The
results showed that the strength of cement composites improved with higher calcium oxide
contents, which is consistent with results on the dissolution kinetics of other SCMs [27].

Considering the compositions presented in Table 1, variations beyond the calcium
oxide content are apparent when comparing slags from different smelters. Therefore, the
effect of changes in concentrations of other constituents than calcium oxide on the reac-
tivity is of interest. The literature data on other systems can be used to indicate the effect
of other constituents. Studies have shown that the degree of polymerization affects the
dissolution behavior of SCMs [27,28]. In iron silicate copper slags, the FeO/SiO2 ratio plays
a significant role in deciding the polymerization of the silicate network. Thus, since the
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role of iron in supplementary cementitious reactions is not fully understood [31,32], the
effect of polymerization in iron silicate slags is, most likely, not straightforward. Further-
more, the effect of alumina content has been presented for other systems [9,27], but, as
apparent from Table 1, the range of the alumina content, and differences in concentrations
of cations available for charge-balancing aluminum in the silicate network, indicate an
intricate relationship.

In conclusion, the literature suggests that iron silicate copper slags are suitable to
incorporate in SCM applications. However, data on how components beyond calcium
oxide affect the performance of the iron silicate slag as an SCM is lacking. This observation
highlights the need for controlled studies on the effect of changes in chemical composition
on the reactivity of iron silicate slags. Feng et al. [19] used an industrial slag as the base
material for changing the chemical composition. Ideally, synthetic slags generated in
laboratory scale experiments should be aimed at since this approach would allow the
composition to be extended beyond the operational window of a specific smelter. Studies
on synthesizing iron silicate copper slags on a laboratory scale for subsequent evaluation
of performance as SCM could not be found in the literature. Therefore, the present paper
aims to develop a method for synthesizing iron silicate slags, which can be employed to
produce relevant and repeatable data and, consequently, open the field to study the effect
of chemical composition on reactivity.

2. Theoretical Considerations

To address the aim, the means required to synthesize the iron silicate slag system were
reviewed. Three challenges were as follows: (i) controlling the partial pressure of oxygen
to avoid oxidation of ferrous iron; (ii) choosing a crucible system that allows for controlled
variations of the slag’s components; and (iii) choosing a crucible system that allows simple
handling of water granulation in laboratory scale experiments.

Concerning the first point, zinc fuming processes designed to remove zinc from iron
silicate copper slags drive the reduction close to the precipitation of iron if the process
aims for maximum zinc removal [33]. This information offers a basis for the partial
pressure of oxygen required to synthesize a slag with the correct oxidation state of iron.
Pyrometallurgical experiments with controlled oxygen partial pressures are commonly
performed in gas-tight tube furnaces where calculated mixtures of carbon monoxide and
carbon dioxide at fixed temperatures are used [34,35]. Although this approach is suitable
in other experimental designs, the setup offers challenges when water granulation of the
synthesized slag is desired. Most importantly, breaking the atmosphere would cause
poisonous carbon monoxide to exit the gas-tight equipment and spread to the vicinity of
the furnace.

Another approach to control the partial pressure of oxygen is to use an iron crucible.
According to Mysen and Richet [36], using an iron crucible will provide an oxygen buffer
to the system. The benefit of this is evident when considering fumed slags that are driven
close to the reduction of ferrous iron. Figure 1 illustrates the 1300 ◦C isothermal section (a
reasonable experimental temperature in accordance with Section 3.2) of the FeO-Fe2O3-SiO2
phase diagram. Assuming that the FeO/SiO2 ratio is designed to avoid cristobalite and
monoxide, the iron crucible will buffer the oxidation state of iron within the phase field
of iron and slag. Naturally, an inert atmosphere in combination with the crucible must be
employed to mitigate the excessive introduction of iron atoms into the slag system.
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Figure 1. 1300 ◦C isothermal section of the FeO-Fe2O3-SiO2 phase diagram with activity of Fe = 1. Cal-
culated using the Phase Diagram module of FactSage 8.2 with the GTOx and FactPS databases [37–39].

Regarding the second challenge, i.e., finding a crucible system that minimizes the slag–
crucible interactions and, thus, allows for controlled variations in the chemical composition,
considerations of phase equilibria must be taken into account. No crucible–slag system
is inert at high temperatures, which was highlighted by the careful selection of crucibles
based on the origin of different steel slags in the study by Tossavainen et al. [40]. A
common approach to avoid extensive slag–crucible reactions is to use platinum. This
approach was adopted by Schöler et al. [27] and Snellings [28] in the syntheses of blast
furnace slags and calcium aluminosilicate glasses, respectively. For iron silicate slags,
using platinum is impossible due to the iron–platinum solubility and the formation of
intermediate compounds [36].

Another method to minimize interactions with the crucible is to use a ceramic system
and saturate the slag with the component representing the crucible. This method was used
for basic oxygen furnace (BOF) slags saturated in magnesia by Lee and Fruehan [41]. In
BOF steelmaking, this approach has industrial relevance since magnesia-saturated slags
minimize refractory wear [41]. For iron silicate slags, the solubility of fayalite and forsterite,
in combination with the progressively higher melting points of olivine toward higher
magnesium contents [42], makes magnesia crucibles unsuitable. Although industrial slags
are more complex, the phase diagram of the three-component system, including magnesia
and the two major components of the slag, i.e., FeO-SiO2, can be used to demonstrate the
slag crucible interaction. Figure 2 illustrates the isothermal section at 1300 ◦C of the FeO-
SiO2-MgO system. The phase diagram shows that the slag phase is never in a two-phase
equilibrium with magnesia. Assuming that the mass of the crucible exceeds that of the slag,
equilibrating the phases means that the slag will form olivine and, subsequently, move into
the phase field of olivine and monoxide, i.e., magnesiowüstite. On the other hand, if the
slag phase exists in excess, the magnesia crucible could be consumed by the reaction with
the slag.

The remelting and modification of iron silicate slags, performed by Feng et al. [19],
was achieved using alumina crucibles. Figure 3 illustrates that alumina is readily soluble
in iron silicate slags. However, as opposed to using magnesia crucibles, iron silicate slags
can be saturated in alumina, as shown by the phase fields where both corundum and
slag are present. Based on the results presented by Feng et al. [19], the remelting of the
industrial slag did not cause severe changes in the alumina content, which highlights that
kinetic limitations favor the use of this ceramic system. Nonetheless, synthesizing slags
from chemical reagents using a crucible made of a component that, in fact, is a desired
variable is not attractive when aiming to evaluate the effect of chemical composition. In
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addition, Figure 3 suggests that different starting conditions regarding the FeO/SiO2 ratios
will translate to different possible alumina contents when moving toward equilibrium.

Figure 2. The 1300 ◦C isothermal section of the FeO-SiO2-MgO phase diagram with activity of
Fe = 1. Calculated using the Phase Diagram module of FactSage 8.2 with the FToxid and FactPS
databases [39].

Figure 3. The 1300 ◦C isothermal section of the FeO-SiO2-Al2O3 phase diagram with activity of
Fe = 1. Calculated using the Phase Diagram module of FactSage 8.2 with the GTOx and FactPS
databases [37–39].

Another ceramic system is zirconia, which has been used by Anindya et al. [43] for
iron silicate slag. Based on the three-component diagram, Figure 4, the solubility of zirconia
in the slag is significantly lower than alumina. Nonetheless, the application of this system
was found to be inappropriate for the experiments performed by Anindya et al. [43], who
reported catastrophic failure of the crucible. Based on the present authors’ experience,
yttria-stabilized zirconia functions well for industrial iron silicate slags in experiments
where remelting is desired. However, to allow for simple handling and water granulation
of the slag, ceramic crucibles, such as zirconia and alumina, are less attractive due to their
brittleness at high temperatures.
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Figure 4. The 1300 ◦C isothermal section of the FeO-SiO2-ZrO2 phase diagram with activity of
Fe = 1. Calculated using the Phase Diagram module of FactSage 8.2 with the FToxid and FactPS
databases [39].

The challenge of granulating iron silicate slag from ceramic crucibles on a laboratory
scale, i.e., the third challenge identified above, is exemplified by the experimental setup
used by Feng et al. [19]. In that study, using alumina crucibles necessitated an experimental
setup using a tiltable induction furnace and intricate design to maintain the crucible from
falling during tapping [19]. The third challenge can be addressed using iron crucibles
since they are not brittle nor subjected to thermal shock. Therefore, these crucibles can be
handled manually at temperatures relevant to iron silicate slags.

Furthermore, the pure oxides of common components in iron silicate slags, e.g., cal-
cium oxide, magnesia, and alumina, are more stable than ferrous oxide (Figure 5). Naturally,
the partial pressure required for reducing the oxides in the solution is different. How-
ever, Figure 5 illustrates that iron is not a strong reducing agent in comparison to silicon,
aluminum, magnesium, and calcium. In contrast, according to the figure, syntheses with
zinc oxide can pose challenges above 1200 ◦C. Therefore, apart from possible interactions
with zinc oxide, the contribution of iron from the crucible to the slag is limited to the
previously described oxygen buffering. In conclusion, iron crucibles will buffer the system
to an industrially relevant partial pressure of oxygen, provide the possibility of controlled
modification of components, and allow for easy manual handling. The latter aspect allows
common muffle, pit, and resistance-heated furnaces to be used, provided that they can be
operated in an inert atmosphere.

Figure 5. Simplified Ellingham diagram, omitting isolines for the partial pressure of oxygen, calcu-
lated using the Reaction module in FactSage 8.2 and the FactPS database [39].
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3. Materials and Methods

This chapter includes a general description of the synthesis of iron silicate slags
followed by an outline of how the relevance and robustness of this method were evaluated.

3.1. Synthesizing Iron Silicate Slags

The approach to synthesizing iron silicate slags suitable for evaluating inherent re-
activity in SCM applications was based on the logic presented in Section 2. Three main
characteristics of the synthesis can be identified: using iron crucibles; remelting in an inert
atmosphere; and granulating in water jets.

In the present work, the FeO-SiO2-CaO-Al2O3-MgO-Cr2O3-system was synthesized,
but components can be included or removed if deemed appropriate. The idea of including
chromium(III) oxide was based on its characteristics in the industrial process. Chromium,
coming from, e.g., refractories and electronic scrap, is a strong nucleation agent in industrial
slags [44], leading to the crystallization of chromium-rich spinel phases [45]. Due to the im-
portance of the amorphous content in SCM applications [28,46,47] and the lower activation
energy for heterogeneous compared to homogeneous crystallization [48], chromium was
considered significant to include for the relevance of the experimental approach.

This methodology includes dry mixing powder chemical reagents in amounts accord-
ing to the chosen synthetic composition and its total mass. As the current description of
this methodology is on a general level, the ratios of the chemicals for a specific composition
are omitted. Nonetheless, for the abovementioned slag system, the chosen chemicals were
iron (99% Fe), iron(III) oxide (98% Fe2O3), silica (99.5% SiO2), calcium carbonate (99.5%
CaCO3), alumina (99.9% Al2O3), magnesia (99.95% MgO), and chromium(III) oxide (99.6%
Cr2O3). The two iron phases were mixed in proportions resulting in iron(II) oxide. The
approach of using the two iron compounds, as well as including calcium carbonate rather
than calcium oxide, originates from the instabilities of reagent grade iron(II) oxide and
calcium oxide in ambient conditions.

After mixing the chemicals, the blend was transferred to an iron crucible (>99.82% Fe)
and melted under an inert gas atmosphere in a graphite resistance-heated furnace (Ruhstrat,
Göttingen, Germany), Figure 6. The atmosphere was attained by injecting argon (99.999%
Ar) and nitrogen (99.996% N2) at flow rates of 3 L/min and 12 L/min ambient temperature
and pressure, respectively. In the experiments, a fixed heating rate of 10 ◦C/min was
used, and the final temperature was based on superheating of 100 ◦C above the calculated
liquidus temperature for the theoretical synthetic slag composition. In the present work,
the liquidus temperature was calculated using the Equilib module of FactSage 8.2 with the
GTOx database [37–39]. After reaching the final temperature, the slag was homogenized
isothermally for 120 min.

Following the homogenization, the crucible was removed manually from the furnace,
and the slag was tapped into water jets operating with cold tap water with a flow rate of
1.1 L/s. Information on the granulation equipment used in the present study can be found
in a previous publication [19]. Since the crucible was removed directly after the isothermal
hold, the experimental layout required careful placement of the thermocouple and the gas
injection lances. In the experiments, the time between the removal of the crucible from the
furnace to the first contact with the water jets was kept within 15 s. This time necessitates
the superheating of the slag to avoid crystallization during handling.

After drying the granulated slag, it can be subjected to analyses relevant to eval-
uating the success of the synthesis and experiments for assessing properties, such as
inherent reactivity.

3.2. Relevance of Methodology

Assessing the relevance of the developed methodology refers to ensuring that granula-
tion in laboratory and industrial scales generates slags with comparable properties. For this
purpose, a spot sample of water-granulated iron silicate copper slag, with a true density of
3.44 g/cm3, was collected from Boliden Rönnskär in Sweden. The sample was taken after
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the dewatering process, as illustrated in the flow sheet presented by Isaksson et al. [49].
After drying the slag, representative samples were generated with a Jones riffler, and each
analysis or experiment using the industrial slag described in the text below was performed
on such a subsample.

Figure 6. Overview of the experimental setup.

The bath temperature in the settling furnace, from where the industrial slag is tapped
and granulated, was unknown for the slag used in the present study. However, reported
operational temperatures vary between 1210 and 1288 ◦C [45,50]. Furthermore, toward
the end of tapping the furnace, temperatures exceeding 1300 ◦C are common due to
continued electrical heating [50]. Therefore, three samples were generated in the laboratory
scale experiments, each distinguished by their designated homogenization temperature
in the laboratory scale furnace, i.e., 1200, 1300, and 1400 ◦C. As such, the relevance of this
methodology was evaluated based on the original slag, granulated on an industrial scale,
and the three laboratory-scale samples remelted in iron crucibles and granulated according
to the procedure outlined in Section 3.1. The nomenclature used to refer to the samples is
presented in Table 2.

Table 2. Sample list for evaluation of relevance.

Label Granulation Temperature [◦C]

Original slag Industrial scale Unknown 1

1200 ◦C Laboratory scale 1200
1300 ◦C Laboratory scale 1300
1400 ◦C Laboratory scale 1400

1 Elaborated in the text.

The chemical composition of the original slag was determined by X-ray fluorescence
(XRF) spectrometry on a pressed powder sample. For the analysis, a SPECTRO XEPOS
energy dispersive XRF spectrometer (SPECTRO, Kleve, Germany) equipped with binary
palladium–cobalt anode was used. The instrument was calibrated with in-house standard
samples from Boliden Rönnskär.

The four-slag samples were ground individually using 45 mL tungsten carbide grind-
ing bowls in a FRITSCH Pulverisette 7 planetary ball mill (FRITSCH GmbH, Idar-Oberstein,
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Germany). Two separate cycles were employed to reach a fine particle size distribution
without excessive time spent under grinding. The first cycle was performed at 600 revolu-
tions per minute (RPM) for 3 min using 7 WC balls of 15 mm in diameter. Subsequently, a
second cycle of fine grinding was performed using 180 WC balls of 5 mm in diameter for
1 min at 600 RPM. The coarse grinding was based on roughly 12 mL of a representative
sample of slag granules, and the fine grinding was, subsequently, performed on the material
from the first step.

Rietveld powder X-ray diffraction (XRD) with an internal standard was used to
determine the amorphous content of the four slags. Based on possible present phases, calcite
(99.5% CaCO3) was determined to be a suitable internal standard to avoid overlapping
peaks. In accordance with the published literature [23,31,51], the chosen internal standard
was mixed to obtain 10 wt.% in the samples. Mixing was made using a ring mill, and the
subsequent scans were performed between 10 and 90 ◦2θ with copper Kα generated at
45 kV and 40 mA using a Malvern Panalytical Empyrean X-ray diffractometer (Malvern
Panalytical, Malvern, UK). The refinement was performed using HighScore+ and the COD
database [52].

The iron silicate slags were subjected to the isothermal calorimetry-based rapid screen-
ing test for SCMs outlined by Snellings and Scrivener [22], further developed and referred
to as the rapid, relevant, and reliable (R3) test by Avet et al. [53]. The choice of this method
was based on the study presented by Li et al. [54], which demonstrated that the R3 test
results correlated strongly with the strength of mortars, independent of the type of SCM
and with great repeatability between laboratories. Furthermore, this calorimetry-based
testing method tests the inherent reactivity of the SCM without the influence of cement
hydration [21,32].

A 3:1 mass-based ratio between portlandite (98% Ca(OH)2) and the ground slags
were mixed together with potassium sulfate (99.99% K2SO4) on a dry basis. The amount
of potassium sulfate was based on the analyzed alumina content of the original slag to
achieve a 1:1 SO3:Al2O3 molar ratio. Pastes with 1:1 mass-based ratios of 0.5 M potassium
hydroxide solution and the solid blends were mixed for 2 min at 1600 RPM using an
overhead stirrer. About 15 g of the pastes was transferred to calorimeter glass ampoules
and subsequently placed in a TAM Air isothermal calorimeter (TA Instruments, New Castle,
DE, USA). The sealed ampoules were placed in the calorimeter within 5 min after adding
the potassium hydroxide solution to the solid blends. The heat flow was recorded for
7 days at a temperature of 40 ◦C. All weights were recorded on the third decimal point.

Due to the importance of the granulometric properties of SCMs [23–26], the ground
slags were characterized for their Brunauer, Emmett, and Teller (BET) specific surface
areas. This was achieved by using a Micromeritics Gemini 2390a after degassing at 300 ◦C
for 60 min using a Micromeritics FlowPrep 060 (Micromeritics Instruments Corporation,
Norcross, GA, USA).

3.3. Robustness of Methodology

In order to test the robustness of the experimental setup, a triplicate of a synthetic iron
silicate slag was synthesized; i.e., three individual samples of the same slag were generated.
In accordance with Section 3.1, the chosen system was the FeO-SiO2-CaO-Al2O3-MgO-
Cr2O3-system, and the aimed composition is presented in Table 3. The concentrations were
partially based on the industrial slag of the present study and partially on the literature
data, as elaborated in Section 4.1.

Following the procedure outlined in Section 3.1, the chemical reagents for the three
slags were mixed individually for each sample. The liquidus temperature was calculated
to 1137 ◦C, which means that the homogenization of the melt was performed at 1237 ◦C.
After water granulation, the slags were dried and labeled A, B, and C.
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Table 3. Theoretical composition of synthetic slags.

Component Concentration [wt.%]

FeO 47.50
SiO2 39.72
CaO 5.63

Al2O3 4.97
MgO 1.99
Cr2O3 0.19

Each slag was ground and subjected to XRD analyses with the internal standard,
BET-specific surface area measurements, and R3 isothermal calorimetry, according to the
procedures described in Section 3.2. Furthermore, their particle size distributions were
determined using laser diffraction by employing a Malvern Mastersizer 3000 (Malvern
Panalytical, Malvern, UK). The measurements were performed in an ultrasound-dispersed
water suspension, and the results were evaluated using the Fraunhofer approximation.
Finally, the chemical composition of each slag was determined by inductively coupled
plasma sector field mass spectrometry (ICP-SFMS). The digestion of the samples prior to
the ICP-SFMS analyses was achieved via microwave-assisted dissolution in a mixture of
hydrochloric acid, nitric acid, and hydrofluoric acid after fusion with lithium metaborate.

4. Results and Discussion
4.1. Relevance of Methodology

The concentrations of the major constituents in the original slag are presented in
Table 4. As previously stated, prior to water granulation, the slag undergoes a reduction
process to remove zinc. Since the reduction progress to partial pressures of oxygen close to
the reduction of ferrous iron to metallic iron, the analysis in Table 4 is presented as ferrous
iron rather than ferric. The chemical composition of the sample is within normal variations
at the smelter, and, as such, it represents a viable choice for evaluating the relevance of the
developed method.

Table 4. Normalized chemical composition of the sample (note roundoff error to 100.1%).

Component Concentration [wt.%]

FeO 46.2
SiO2 40.7
CaO 2.9

Al2O3 5.2
MgO 1.3
ZnO 1.2
Cu 0.8

Na2O 0.7
K2O 0.6

S 0.3
Cr2O3 0.2

As evident from the comparison of Tables 3 and 4, the composition of the synthetic
slags was intentionally designed to deviate from the industrial slag. The basis for the syn-
thetic triplicate sample was the wider operational window for calcium oxide and alumina,
outside the scope of a single smelter, in accordance with the widespread compositions
reported in the literature and illustrated in Figure 7. However, the FeO/SiO2 ratio was
placed at the lower end of the spectrum to maintain the relevance for the specific smelter of
the present study, which still complies with several previously studied slags. Furthermore,
the data highlights, once more, the need for a methodology to generate slags that can be
compared on a fair basis. As outlined in Section 1, the origin of the slags in Figure 7 differs
in terms of cooling conditions, degree of crystallinity, composition, and grinding.
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Figure 7. The literature data on previously studied compositions [18] compared to the industrial and
synthetic slags of the present study. (A) CaO vs. FeO/SiO2 ratio, and (B) Al2O3 vs. FeO/SiO2 ratio.

Studies assessing iron silicate copper slags for SCM applications show substantial crys-
tallization of, e.g., fayalite [10–12,17,18,20], magnetite [10,11,17–20], monticellite (possibly
misevaluated kirschsteinite) [17], hedenbergite [18], and calcium sulfate dihydrate [18]. If
the aim is to evaluate the effect of chemical composition, the cooling procedure must gener-
ate an amorphous slag since only a few crystalline phases show pozzolanic behavior [46].
More specifically, crystalline materials other than, e.g., zeolites and certain minerals in cal-
careous fly ashes can be considered inert [28,46,47]. Another effect of crystallization is that
the overall chemical composition of the slag no longer represents the reactive amorphous
phase, which further complicates the intended comparison. The diffractograms of the origi-
nal slag and the three slags granulated on a laboratory scale are presented in Figure 8. The
figure illustrates that the laboratory scale granulation successfully generated an amorphous
material for all three temperatures, which shows that laboratory scale granulation is a
relevant cooling method for the slag.

Another parameter varying between previously published studies on iron silicate
slags is the grinding procedure and, subsequently, the resulting particle size distribution.
Ramanathan et al. [24] summarized that the fineness of SCMs has been suggested to be of
more importance for reactivity than the SCMs’ chemical compositions. Therefore, compar-
ing different chemical compositions requires the absence of crystallization in combination
with similar specific surface areas of the materials. Ideally, reaching these granulometric
properties should be achieved under similar input energies from grinding, as excessive
grinding has been shown to induce non-breakage effects that possibly could relate to
improved reactivity [55]. The original slag and the three remelted slags, granulated on a
laboratory scale, were ground using the same conditions in the present study. The specific
surface areas were determined to be 0.622, 0.670, 0.702, and 0.705 m2/g for the original
slag, 1200, 1300, and 1400 ◦C samples, respectively. Although the original slag was slightly
coarser, the specific surface areas are within the same range. Based on the above, this
methodology generated amorphous slags with comparable specific surface areas, which
offers excellent prerequisites for comparing their reactivities.
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Figure 8. Diffractograms including calcite as internal standard.

Figure 9A illustrates the cumulative heat during 7 days of hydration recorded in the
R3 isothermal calorimeter experiments. An initial high rate of released heat during the first
14 h was recorded, possibly due to a high initial dissolution rate stemming from the entirely
amorphous nature of the slags. During the dissolution of the slags, ions are released, which
contribute to additional heat generation from the precipitated phase assemblage. Based on
previous studies on iron silicate slags [21,32], formed phases could constitute, e.g., calcium
silicate hydrate (C-S-H) and calcium aluminum silicate hydrate (C-A-S-H) gels, as well
as alumina ferric oxide tri-substituted (AFt) and monosubstituted (AFm). The kink in
the cumulative heat, representing a changed heat flow after 14 h, is likely to be related to
phase assemblage rather than the dissolution of a specific component since amorphous
materials have been shown to dissolve congruently [28]. The progressively lower heat
flows, representing the slopes of the curves, result from the gradual consumption of the
SCM from dissolution and reactions.

Figure 9. R3 calorimeter results showing (A) cumulative heat and (B) evolved heat after 7 days with
3% error bars.
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Considering the results presented in Figure 9A, the four slags showed similar heat de-
velopment patterns. Furthermore, the developed heat after 7 days, presented in Figure 9B,
shows that the overall reactivities of the slags are comparable. According to Snellings and
Scrivener [22], the R3 calorimeter experiment has a standard error in the range of 2–3%.
Based on these values, error bars of 3% were included in Figure 9B. Accounting for this
error in the R3 experiment, the values presented in Figure 9B do not differ from a statistical
standpoint. Therefore, melting iron silicate slags in iron crucibles and granulating in water
jets on a laboratory scale generates a slag that has the same reactivity as the industrially
granulated slag. Furthermore, this conclusion is valid regardless of homogenization tem-
perature at the achieved cooling rate. Similar observations regarding superheating have
been shown for granulated blast furnace slags in a previous publication [56]. Based on
the discussion related to the crystallinity of the slags, this conclusion is valid, provided
crystallization does not occur due to excessively low homogenization temperatures or
inadequate cooling rates.

4.2. Robustness of Methodology

In Section 4.1, the relevance of this methodology was proven, showing that slags
granulated on a laboratory scale had similar reactivity as the same slag granulated on
an industrial scale. Since the main idea of the present study was to find a method for
enabling controlled studies on the effect of changes in chemical composition on reactivity,
the repeatability of the synthesis procedure was evaluated. Figure 10 presents the analyzed
chemical composition of the triplicate sample. In addition, the theoretical concentrations
are included for comparison. The figure illustrates that the concentrations of the major
components compare well to the aimed composition. Furthermore, the standard deviation
of the population was calculated to be 3.6, 3.6, 2.7, 2.4, and 4.3% of the average value
for iron(II) oxide, silica, calcium oxide, alumina, and magnesia, respectively. Therefore,
the repeatability of achieving the desired concentrations was considered satisfactory. The
minor component, i.e., chromium(III) oxide, was analyzed for 0.12, 0.10, and 0.13 wt.% for
samples A, B, and C, respectively, which was less than the aimed concentration of 0.19 wt.%.
The low chromium(III) oxide content was considered less important for the subsequent
evaluation. More specifically, since the procedure managed to incorporate chromium into
the slag, the formation of chromium-rich spinel phases may be facilitated, which satisfies
the intended role of chromium in the system.

Based on the diffractograms recorded with internal standards (Figure 11), the three
slags were entirely amorphous. Therefore, the intended composition of the slag was
successfully incorporated into the amorphous phase, which suggests that synthetic samples
suitable for comparing the effect of chemical composition on the reactivity were generated.
Furthermore, the chromium content did not facilitate the nucleation and crystallization of
phases within the detection limit of the equipment used in the present study. These results
are consistent with the results of the industrial slags presented in Section 4.1.

For the industrial slag, grinding generated consistent specific surface areas. However,
for samples A, B, and C, the surface areas were measured to be 0.544, 0.418, and 0.474 m2/g,
respectively. Laser diffraction was performed to further assess the differences, and the
results (Figure 12) suggested that the grinding successfully produced similar particle size
distribution curves. Therefore, based on the specific surface areas, which were consistent
with the d50 values, the comminution progressed differently between samples. Possibly,
the slight variations in chemical composition (Figure 10) could affect the grindability of
the slags, especially for increased iron contents. Since the reaction rate depends on the
surface area [24], the grinding procedure can be iterated to produce similar granulometric
characteristics, which allows for a better comparison of the reactivity in the calorimetry-
based testing. However, utilizing a standardized grinding process in the present study was
based on the previously reported non-breakage effects introduced by grinding [55].
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Figure 10. Concentrations of (A) FeO and SiO2, as well as (B) CaO, Al2O3, and MgO in the synthetic
samples compared to the theoretical values.

Figure 11. Diffractograms of triplicate samples (denoted A, B, and C) including calcite as
internal standard.



Appl. Sci. 2023, 13, 8357 15 of 18

Figure 12. Particle size distributions and d50 values for the three samples constituting the triplicate.

Comparing Figures 9A and 13A, the progression of the recorded heat follows a similar
pattern, i.e., an initial high reaction rate followed by a kink and, finally, the progressive
depletion of the slags from continuous dissolution and reaction. This similarity suggests
that the reaction mechanisms of the synthesized slags are not different from the industrial
slag. Based on the fact that the synthetic slags successfully integrated the components in an
amorphous phase, the observations on the reaction pattern are expected. Furthermore, the
developed heat after 7 days, presented in Figure 13B, suggests that the reactivities of the
synthetic slags are similar to the industrial slag. Based on the presented chemical composi-
tion and specific surface area measurements, there are certain differences between the slags.
However, the comparison further suggests that the synthesis generates a relevant sample.

Figure 13. R3 calorimeter results showing (A) cumulative heat and (B) evolved heat after 7 days with
error bars of one standard deviation.
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Figure 13B presents the final values for the developed heat after 7 days, representing
the overall reactivity of the slags. The standard deviation based on the population was
calculated to be 8.4 J/ g SCM, which corresponds to 3.6% of the average value of the
triplicate. Thus, the repeatability of the whole process is considered remarkable since
Snellings and Scrivener reported that the standard error of the R3 isothermal calorimetry
test was 2–3% [22]. Comparing Figures 13B and 9B, the repeatability is, however, lower
for the synthetic samples in comparison to remelting and granulating an industrial slag.
Possibly, this methodology has potential for improvement using iterative grinding aimed
at a specific surface area since the differences in reactivity presented in Figure 13B partially
follows the variations in specific surface area.

In conclusion, the synthesis of iron silicate slags on a laboratory scale using iron
crucibles in an inert atmosphere provides relevant and repeatable results. This offers a
methodology to synthesize slags of different compositions, enabling the evaluation of the
relationship between chemical composition and inherent reactivity.

5. Conclusions

The present paper introduced a method for synthesizing iron silicate slags suitable
for the evaluation of their inherent reactivity in SCM applications. The relevance of this
method was verified, concluding the following:

• The reactivity of an industrial slag granulated on an industrial scale does not differ
from the reactivity of the same slag granulated using the method developed in the
present study;

• Therefore, results on reactivity achieved using this method are directly applicable to
industrial slags.

Furthermore, the robustness of this methodology was evaluated by producing a
triplicate sample from chemical reagents, concluding the following:

• The targeted chemical composition can be synthesized with high repeatability, and the
constituents are successfully incorporated in an entirely amorphous phase;

• The standard deviation of the developed heat in the R3 isothermal calorimeter exper-
iments was 3.6% of the average value of the triplicate, suggesting that this method
is robust.

Therefore, the developed method can be used to study the influence of chemical
composition on the inherent reactivity of iron silicate slags while generating results that
translate directly to industrial slags. Furthermore, the results suggest that iron silicate
glasses suitable for SCM applications can be generated outside the context of the copper-
making process. The implications suggest that synthesizing iron silicate slags can be used to
identify the optimal composition for reactivity as well as study mechanisms that are lost in
the noise of uncontrolled parameters when comparing copper slags from different smelters.
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