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Abstract
A significant source of copper losses from pyrometallurgical copper extraction is attributed to dissolved and entrained cop-
per in discarded slag. Entrained copper can be recovered via pyrometallurgical slag cleaning in a settling furnace, where the 
slag viscosity and copper droplet size distribution (CDSD) are critical parameters. Reduced copper losses suggest improved 
raw material efficiency, and the slag becomes a more environmentally safe byproduct. In this study, iron silicate slags from 
a smelting furnace are industrially CaO modified in a fuming furnace to contain a CaO content between 8 and 18 wt.%. The 
viscosity of slags with and without CaO modifications is evaluated in the temperature range from 1423 to 1723 K. The influ-
ences of the CaO modifications on the CDSD, slag matrix copper content, and total copper content were determined. The 
results show that the slag viscosity decreases with increasing CaO concentrations in the slag. In addition, the copper content 
decreases in the slag phase, and the CDSD shifts to contain relatively larger droplets. The effect of CaO slag modification 
reveals a linear relationship between the overall copper recovery and viscosity, which increased from 63 to 88% when the 
viscosity in the respective batch was 0.51 and 0.25 Pa·s.

Graphical Abstract

Keywords Viscosity · Copper droplets · Size distribution · Iron silicate slag · Dissolved copper · Copper recovery

The contributing editor for this article was Il Sohn.

Extended author information available on the last page of the article

http://crossmark.crossref.org/dialog/?doi=10.1007/s40831-023-00733-x&domain=pdf
http://orcid.org/0000-0002-9588-0180


1379Journal of Sustainable Metallurgy (2023) 9:1378–1389 

1 3

Introduction

During the pyrometallurgical extraction of copper, a sig-
nificant source of copper loss is discarded slag. In 2021, 
the global smelter production of copper reached 21.4 mil-
lion tons [1], and the slag produced was approximately 2.2 
tons per ton of copper [2]. The most considerable amounts 
of slag come from the smelting furnace and often have a 
copper content between 1 and 2 wt.% [3], resulting in a 
significant amount of copper in the discarded slag. Copper 
in the slag is attributed to entrained droplets and dissolved 
copper. The entrained copper droplets in a slag treated in 
a fuming furnace are mainly copper matte and speiss, a 
metalloid mainly containing copper and small amounts of 
nickel, antimony, arsenic, and iron [4]. Determining fac-
tors for the final slag copper content, regarding settling, 
are slag viscosity, copper droplet size, and the density dif-
ferences between the copper droplets and the slag [5–7]. 
Larger droplets settle at a higher rate due to their greater 
mass and, thus, gravitational force, and a lower viscosity 
means less internal friction in the liquid and, thus, higher 
settling rate. Both factors are, thus, crucial properties for 
recovery in the pyrometallurgical extraction of copper.

The entrained droplets can be recovered in slag-
cleaning operations, such as in a settling furnace, where 
entrained droplets settle through molten slag under gravity. 
A possible method for decreasing copper losses to slag is 
to modify the slag to enhance the essential properties and 
increase the settling rate. Reduced copper losses increase 
smelter profits by improving the raw material efficiency to 
enhance the sustainability of copper extraction.

Another driving force to decrease the contents of cop-
per and its associated elements in the slag is the potential 
hazard of granulated slag, which can mitigate the need 
for landfills and make utilization as a secondary resource, 
construction material, or blasting abrasive media. A leach-
ing study of granulated slag has shown that granulated 
slag exhibits natural leaching of Zn, Cu, and Ni [8]. Other 
leaching studies have concluded that most of the leached 
Ni and Sb originate from the speiss phase [9] and that the 
leaching of As and Sb decreased when granulated iron sili-
cate slag was CaO modified [10]. These elements are asso-
ciated with the speiss phase in the slag, suggesting that 
an improved settling and reduced copper content decrease 
the risk of leaching into the environment and contribute 
to sustainability and a circular economy. The effects of 
industrial slag modification, including viscosity data, min-
eralogy, dissolved copper content, and copper droplet size 
distribution (CDSD), are essential for metal recovery.

The slag viscosity can be measured with a high-temper-
ature rheometer and depends on the temperature, atmos-
phere, slag composition, and structure. Molten silicate 

oxide systems consist of three-dimensional networks of 
 SiO4

4− tetrahedra [11]. The structures of silicate-based 
melts are affected by (i) the degree of polymerization of 
the silicate network, (ii) the fitting of certain cations, e.g., 
 Al3+, and (iii) the nature of network-breaking cations, e.g., 
 Ca2+ and  Mg2+ [12]. The gradual addition of basic oxides 
results in the progressive breaking of the bridging oxygen 
in the silicate network and the formation of nonbridging 
and free oxygen. Thus, smaller structural units are present 
in slag, reducing the viscosity.

Slag from copper smelting furnaces usually contains the 
oxides FeO and  SiO2, smaller amounts of  Al2O3, CaO, and 
MgO, and minor elements, such as Cu, As, Sb, Sn, and Pb 
[13–16]. In the literature, the effects of CaO on the slag 
properties and the slag copper content have mainly been 
studied on synthetic materials or slag samples collected in 
the industry and then modified in a laboratory. The effects 
of CaO addition on the viscosity have been examined with 
similar results, where the viscosity decreases with CaO 
addition [17–23]. The theory behind the reduced viscosity 
is that the basic oxide CaO breaks the silicate polyions into 
relatively small structural units, decreasing the viscosity.

The CaO modification of an iron silicate slag system 
also influences the copper solubility, which decreases 
with the addition of CaO [24, 25]. A decreased copper 
solubility enhances the recovery as more dissolved copper 
becomes entrained and is available for settling. However, 
one criterion of the entrained droplets to settle within a 
given time is that they are large enough. The distribu-
tion and portion of copper-bearing phases in a fayalite 
copper slag were studied when the copper content was 
approximately 0.9 wt.%, the copper-bearing droplets had 
a particle size distribution ranging from the micrometer 
scale to the millimeter scale [26]. A study evaluating the 
effects of experimentally modified slag on the copper size 
distribution in a slag related to the copper converter shows 
that larger droplets are obtained when the slag is modi-
fied with gypsum and carbon [27]. Droplets that are a few 
micrometers in diameter take a long time to settle and end 
in the final slag product if they do not have time to settle 
completely.

The interfacial tension of matte and slag is suggested 
to be the primary factor determining the droplet size in a 
smoothed particle hydrodynamics study, where the droplet 
size increases with increasing interfacial tension [28]. The 
surface tension of the slag increases with the addition of 
CaO [19, 29]. This finding indicates that the CDSD can be 
shifted if the slag is modified. However, a knowledge gap 
that needs to be studied is what happens with the CDSD 
when the slag is industrially modified with CaO in a slag-
cleaning route, including a fuming furnace and a settling 
furnace. Larger droplet size and lower viscosity suggest a 
higher settling rate and, thus, an enhanced recovery.
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In order to assess the impact of industrial CaO modifica-
tion of iron silicate slag in a settling furnace, a comprehen-
sive perspective is essential. This involves understanding 
factors such as slag viscosity, CDSD, slag matrix copper 
content (dissolved copper), and correlations with copper 
recovery. The standard method for evaluating melt modifi-
cation is to work with synthetic oxide systems or to collect 
industrial slag samples and modify them in an experimental 
environment. This study examines the impact of industrial-
scale CaO slag modification on a settling operation. Slag 
with and without CaO modification (2–18 wt.% CaO) was 
evaluated, including rheological studies from 1423 to 1723 
K in an argon atmosphere. The CDSD of one reference batch 
and one CaO-modified batch (18 wt.% CaO) were investi-
gated using automated mineralogy and SEM–EDS (scanning 
electron microscope equipped with energy dispersive X-ray 
spectroscopy), and the slag matrix copper content was esti-
mated using LA-ICP-MS (laser ablation (LA)–inductively 
coupled plasma–mass spectroscopy (ICP‒MS) (LA–ICP‒
MS)). The CaO modifications were also evaluated by com-
paring the final copper content and recovery in the settling 
operation. The findings from the study can be applied indus-
trially to improve slag cleaning and increase raw material 
efficiency and slag valorization by reducing the copper con-
tent and associated elements, improving the sustainability 
of pyrometallurgical copper extraction.

Experiment

Materials

Industrial slag modification occurred batchwise in a fum-
ing furnace where electric smelting furnace slag was treated 
under reducing conditions to recover zinc [30]. After finaliz-
ing the process, the slag was tapped with a slag runner from 
the fuming furnace into a settling furnace, where the slag 
was held as entrained copper droplets settled. The slag was 
then tapped, water-granulated, and transported to dewater-
ing basins. The copper content was analyzed in slag samples 
from four sample points: (1) incoming slag, a sample taken 
while tapping the fuming furnace into the settling furnace, 
(2) furnace slag, a sample taken within the settling furnace, 
(3) outgoing slag, a sample taken while tapping the settling 
furnace, and (4) granulated slag, a sample taken from the 
water-granulated slag.

The incoming and outgoing samples were collected with 
steel scoops lowered into the slag stream and cooled in ambi-
ent air. Reference samples without slag modification were 
named R1–R5. In addition, samples were collected from four 
batches modified with limestone  (CaCO3) provided by Nor-
dkalk AB, Sweden. The added  CaCO3 underwent calcina-
tion during fuming, and the additions were targeted to reach 

10, 15, and 20 wt.% CaO (named C8, C13, C14, and C18, 
respectively, based on the analyzed CaO content). Details 
of the slag cleaning and a trial description could be found in 
previous studies [4, 31].

The incoming and furnace samples were analyzed in a 
certified laboratory (ALS Scandinavia AB, in Sweden). The 
samples were analyzed with a Thermo Finnigan Element 
1 inductively coupled plasma–sector field mass spectrom-
etry (ICP–SFMS) instrument (Thermo Fisher Scientific, 
Waltham, MA, USA). The incoming and outgoing slag and 
the water-granulated slag were analyzed in a smelter labora-
tory with a standardized method that uses a Philips PW2606 
X-ray fluorescence (XRF) instrument (Malvern Panalytical, 
Malvern, U.K.). The assays were normalized to 100 wt.%. 
Multiple samples were collected from each batch to obtain 
reliable results by taking an average of samples.

Viscosity Measurements

The rheological measurements of industrial slag were per-
formed using a rotating cylinder technique and a Mo spindle 
and crucible (tzm molybdenum 364). The rheometer system 
was an Anton Paar furnace rheometer system (FRS; FRS 
1800) [32]. Before viscosity measurements, the incoming 
slag samples were crushed, ground, packed into Mo cruci-
bles, and remelted in a Ruhstrat resistance furnace in a  N2 
(99.996% purity) and Ar (99.999% purity) atmosphere. Both 
gases were supplied by Linde Gas AB, Sweden. The flow 
rates of  N2 and Ar were 12 L/min and 3 L/min, respectively. 
The heating rate was 5 K/min to 1273 K, and the material 
was held at this temperature for 30 min; then, the tempera-
ture was heated to 1523 K and maintained for an additional 
30 min. The material was cooled with the natural cooling 
of the furnace.

The experimental assembly for rheological measurement 
is shown in Fig. 1. The crucibles were attached to a hollow 
 Al2O3 crucible shaft covered with a graphite sleeve to pre-
vent oxygen from entering the system. The temperature reg-
istered during viscosity measurements was measured with a 
B-type thermocouple positioned in the hollow  Al2O3 cruci-
ble shaft approximately 5 mm from the melt. Ar (99.999% 
purity, supplied by Linde Gas AB, Sweden) was introduced 
to the furnace via the crucible shaft using a constant flow 
rate of 2.5 L/min.

The furnace temperature was first increased to the highest 
experimental temperature: 1723 K (1450 °C). The spindle 
was lowered to the measurement position, 9 mm above the 
crucible bottom. The furnace temperature was kept at the 
highest temperature for 60 min while rotating the spindle at a 
shear rate of 2  s−1 to achieve a homogeneous temperature in 
the melt. A constant viscosity at a fixed shear rate indicated 
that the melt homogenized. The viscosity was measured 
during the cooling cycle in 50 K increments from 1723 to 
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1423 K. At a new temperature (1723–1523 K), the furnace 
temperature was held for 45 min using a shear rate of 4  s−1 
for homogenization and at least 60 min at the final two tem-
peratures, as it took longer to obtain stable measurements. 
Afterward, an automated program measured the viscosity 
with shear rates of 1, 2, 4, 8, and 16  s−1. After finalizing the 
measurements, the sample cooled alongside natural furnace 
cooling while maintaining the Ar atmosphere. In this setup, 
it was not possible to quench the samples.

The rheometer was calibrated under controlled conditions 
using reference oils by Anton Paar. The performance of the 
furnace rheometer system was controlled by measuring the 
viscosity in Standard Glass 1 of the Deutsche Glastechnische 
Gesellschaft (DGG1) with a viscosity of 93.2 Pa·s at 1473 K.

Copper Droplet Size Distribution

Pieces of the incoming slag from batches R3 and C18 were 
mounted in epoxy, polished using a standard metallographic 
procedure and carbon coated. The main difference between 

these samples was the CaO content. The CDSDs of the 
copper phases were analyzed using automated mineralogy 
and quantitative target mineralogy (QanTmin) SEM, Zeizz 
Sigma 300 VP (Zeiss, Oberkochen, Germany). The composi-
tions of the droplets were analyzed using two Bruker Instru-
ment EDS detectors (Bruker, Billerica, United States) and 
Zeiss Mineralogic software (Zeiss, Oberkochen, Germany). 
The step size during the measurements was 0.7 µm, and the 
working distance was 8.5 mm. The SEM had an accelerating 
voltage of 20 keV and an emission current of 1 nA.

Copper Content in the Slag Matrix

The Cu content in the slag matrix (oxide phase), which was 
visually free from copper droplets, was determined using 
LA–ICP‒MS. The samples used in the analysis were water-
granulated from batches R4, C8, C13, and C18. For this pur-
pose, an ESL NWR193 LA system and a ThermoScientific 
iCAPQ ICP‒MS were utilized. NIST 610 was used as the 
reference material, and the quality assurance/quality control 
protocol was conducted with NIST 612. The silicon content 
in the oxide phase was analyzed using a Zeiss Gemini Merlin 
SEM (Zeiss, Oberkochen, Germany) and an Oxford Instru-
ment X-Max EDS (Oxford Instruments, Abingdon, U.K.) 
detector. The SEM had an accelerating voltage of 20 keV, an 
emission current of 1 nA, and a working distance of 8.5 mm. 
Before analysis, beam measurement calibration for EDS was 
performed on pure copper. The elemental compositions were 
reported in wt.% and normalized, suggesting that the sum 
of the elements was 100 wt.%. The silicon content from the 
EDS analysis was used as the internal standard in the sub-
sequent data reduction procedure performed with Iolite 4.

Results and Discussion

Slag samples were collected from four sampling points dur-
ing the industrial settling furnace trial, (1) incoming, (2) 
furnace, (3) outgoing, and (4) granulated slag. An explana-
tion of the sample procedure and position was given in the 
Materials section. Table 1 gives an overview of the samples 
and performed analyses.

Fig. 1  Anton Paar FRS 1800 high-temperature rheometer

Table 1  Overview of the analyses and samples collected during the 
industrial trial

Slag Sample ICP‒SFMS XRF Viscosity LA–ICP‒MS CDSD

Incoming X X X X
Furnace X X
Outgoing X
Granulated X X
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Chemical Composition

Table 2 presents the average chemical compositions, FeO/
SiO2, and (CaO + FeO)/SiO2 ratios (wt.%/wt.%) of the 
incoming samples. The CaO content varied from 2.3 to 3.9 
in the reference batches (R1–R5) and 7.7–18.3 wt.% in the 
CaO-modified batches. The FeO/SiO2 ratio was 1.3 for all 
batches except for C18, and the (CaO + FeO)/SiO2 ratios 
varied between 1.34–1.70. The total copper content varied 
between 1.0 and 1.6 wt.%, including the chemically dis-
solved and entrained copper. The operational conditions 
and the separation between the slag and matte phases in the 
smelting furnace, i.e., the unit operation before the fuming 
furnace, determined the copper content in each batch. The 
total copper, iron, chromium, and molybdenum contents are 
presented as FeO,  Cr2O3, and Mo, respectively. However, the 
valence state was not confirmed.

Viscosity Measurements

The viscosity measurements between 1723 and 1473 K ( ± 3 
K) are shown in Fig. 2. The shear rate used when collect-
ing the viscosity data was 8  s−1, and the presented viscos-
ity was an average of 60 measurement points. The sample 
standard deviation was at most 1%. In all cases, the viscosity 
decreased with increasing temperature. R1 and R2 showed 
no significant differences in the viscosity data over the entire 
temperature range. R5 differed from R1 and R2 at the two 
lowest temperatures (1473 and 1523 K), and R3 and R4 dif-
fered from all batches. R4 had the lowest FeO/SiO2 ratio 
among the reference batches. However, trends between the 
viscosity and composition for the reference batches are diffi-
cult to distinguish as the slag composition was not controlled 
during the trial and had a natural variation due to the feed of 
copper concentrates, slag returns, slag formers, secondary 
raw materials, and other additions. The viscosity measure-
ments of R1–R5, thus, showed viscosity variations during 
normal operation.

Batches modified with CaO had lower viscosities than the 
reference batches (R1–R5). The temperature range between 
1523 and 1573 K was evaluated carefully, as this range is 
often used in industrial slag-cleaning operations, such as 
those in a settling furnace. The (CaO + FeO)/SiO2 ratio vs. 
viscosity (1523 and 1573 K) is shown in Fig. 3. The vis-
cosity was lower in batches with higher (CaO + FeO)/SiO2 
ratios, and the effect was most pronounced between 1.43 and 
1.61. At relatively high ratios (above 1.61), no significant 
effects were observed in the viscosity data. At the lowest 
temperature of 1523 K, C13 had the lowest viscosity of 0.45 
Pa·s, and R4 had the highest viscosity of 0.78 Pa·s, 1.75 
times higher than that of C13. The viscosity of R5, which 
had the lowest viscosity among the reference batches, at the 
same temperature was 1.26 times higher than that of C13.

In earlier studies, the effect of the Fe/SiO2 ratio on the 
viscosity was studied, showing that viscosity decreased with 
increasing ratio [33–35]. The viscosity decreased because 

Table 2  Normalized chemical 
composition, FeO/SiO2, and 
(CaO + FeO)/SiO2 ratios of 
batches collected during normal 
operation (R1–R5) and CaO-
modified batches (C8-C18)

Sample [wt.%/wt.%] [wt.%]

FeO/SiO2 (CaO + FeO)/
SiO2

SiO2 FeO Al2O3 CaO MgO ZnO Cu Cr2O3 Mo

R1 1.32 1.43 37.8 50.0 4.4 3.9 1.1 1.3 1.2 0.2 0.2
R2 1.30 1.38 38.2 49.6 4.9 3.0 1.3 1.4 1.3 0.2 0.2
R3 1.30 1.38 38.9 50.4 4.1 3.1 1.1 1.1 1.0 0.1 0.2
R4 1.26 1.34 39.3 49.4 4.7 3.1 1.2 0.7 1.1 0.2 0.2
R5 1.34 1.40 38.7 51.8 3.6 2.3 1.1 0.7 1.4 0.1 0.2
C8 1.30 1.52 36.4 47.5 4.8 7.7 1.2 0.7 1.3 0.2 0.2
C13 1.27 1.69 33.9 44.2 4.5 13.2 1.5 1.0 1.3 0.2 0.2
C14 1.31 1.70 34.0 43.2 4.4 14.1 1.8 0.6 1.5 0.3 0.2
C18 1.09 1.61 35.0 38.2 4.2 18.3 1.5 0.9 1.6 0.2 0.2

Fig. 2  Viscosity plotted against the temperature (1473–1573 K ± 3 K)
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FeO is a network modifier that could decompose to produce 
free oxygen that breaks the silicate network into smaller 
structural units [36, 37]. The effect of CaO content on the 
viscosity has been examined with similar results, decreasing 
when CaO addition increased [17–23]. The melt has less 
potential of breaking the silicate network if the (CaO + FeO)/
SiO2 ratio is low, meaning that the viscosity is relatively 
high due to the polymerization of the silicate network.

Viscosity measurements were performed at each tempera-
ture using different shear rates ranging from 1 to 16  s−1. At 
1724 K, the viscosity curves decreased with increasing shear 
rates, a non-Newtonian shear-thinning behavior. The shear-
thinning behavior was most pronounced for samples C14 
and C18. At the lowest temperature, all melts showed New-
tonian behavior, suggesting that the shear rate did not influ-
ence the viscosity data. The main differences between the 
measurements were the temperature and time (9 h) between 
the measurements. The samples were collected from a slag-
cleaning route before a settling furnace, indicating that the 
slag was not homogeneous and contained entrained copper 
droplets and solid phases that settle with time [4]. When the 
shear rate increased, particles in the melt were favorably 
oriented, suggesting that the viscosity decreased.

Relatively large droplets (millimeter scale) were found 
at the bottom of the crucible when cutting them after the 
measurement. The large droplets indicated that the relatively 
small copper-containing droplets settled and coalesced dur-
ing viscosity measurement. The settling during the rheologi-
cal measurements was confirmed in the post-experimental 
analysis, where the copper content was between 0.3 and 0.2 
wt.%. After rheological measurements, a post-experimental 
analysis of the samples showed that the Mo content was 

between 0.5 and 1.3 wt.%, higher in the CaO-modified 
samples.

Activation Energy

The viscosity of liquids decreases with increasing tempera-
ture [33, 38, 39]. The temperature dependence of the vis-
cosity for a given melt composition can be described by an 
Arrhenius-type relationship [40], as shown in Eq. 1.

where � is the viscosity in Pa·s, A is the preexponential factor 
(Pa·s), Ea is the activation energy of flow in J/mol, T is the 
absolute temperature in K, and R is the gas constant (8.341 J/
mol·K). The activation energy for viscous flow is the energy 
required to break the bonds necessary for viscous flow and 
consequently reflects the effects of structure on physical 
properties [12, 41]. The logarithm of the Arrhenius equation 
provides a linear relationship between ln(�) and 1/T. A linear 
relationship of the measured data indicates that the mate-
rial is fully liquid and that the melt follows an Arrhenius 
behavior. Deviations from a linear system may occur due to 
solid phases in the melt. Roscoe developed a model based 
on Einstein's approach, titled the Einstein–Roscoe equation, 
which describes the viscosities of melts with solid particles 
[42–44], showing that the melt viscosity increases with solid 
particles present.

When the Arrhenius equation is applied to the viscosity 
data, it is seen that C13, C14, and C18 deviate from the 
behaviors of R1–R5 and C8. The different behaviors of the 
two groups are exemplified in Fig. 4a and b, represented by 
samples R2 and C13, respectively. The figures show the nat-
ural logarithm of the viscosity vs. the temperature inverse, 
trendline, and  R2 values. When all measurements (entire 
temperature interval) are included, the trendline (dotted) for 
C13 has a lower  R2 value than that for R2 (0.96 and 0.99, 
respectively). This difference arises because the slope was 
relatively steep for the C13 data and less sleep for the R2 
data at temperatures of 1524 K and lower. The data are, thus, 
divided and plotted separately at the temperature intervals 
1724–1574 and 1524–1474 K to reveal the significant differ-
ence in the slope. The deviations from the Arrhenius behav-
iors for C13, C14, and C18 indicate that structural changes 
appear below 1524 K. The pronounced temperature depend-
ence of the viscosity was indicated by the homogenization 
times at these temperatures, which took up to 75 min. The 
increased time for the melt to become homogeneous implies 
structural changes or solid precipitation at low temperatures.

The activation energies for the two temperature inter-
vals, 1574–1724 K and 1424–1524 K, are plotted against 
the (CaO + FeO)SiO2 ratio in Fig. 5a and b, respectively. 

(1)� = Aexp

(

Ea

RT

)

,

Fig. 3  Viscosities at 1523 and 1573 K vs. (CaO + FeO)/SiO2 ratio 
(wt.%/wt.%). The temperature was within an accuracy of ± 3 K
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The activation energy for the reference batches (R1–R5) 
varies between 156 and 170 kJ/mole in the low-tempera-
ture (1424–1524 K) interval and between 107 and 115 kJ/
mole in the high-temperature interval (1574–1724 K). The 
variation in the activation energy of the reference batches 
reflects the compositional variations during normal opera-
tion in the fuming furnace without CaO modifications. At 
the high-temperature interval, the activation energy of the 
CaO-modified batches varied between 103 and 111 kJ/mole, 
approximately the same as that for the reference batches. 
However, a correlation can be observed, where the activa-
tion decreases with increasing ratio. The trend shifts in the 
low-temperature interval, showing that the activation energy 

is significantly higher in batches with a CaO content above 
13 wt.% (C13–C18) than in the reference batches and C8. 
The activation energy is between 209 and 233 kJ/mole for 
C13–C18 and 159 kJ/mole for C8.

The difference in activation energy for the two inter-
vals implies structural changes, solid precipitation, and 
increased viscosity-temperature dependence of the melt in 
the low-temperature interval. All batches can be assumed 
to be fully liquid in the high-temperature interval. When 
translating this assumption to an industrial perspective, 
batches with CaO contents higher than 13 wt.% should 
preferably be operated above 1524 K to avoid solid pre-
cipitation and, thus, a more viscous slag. Solid particles 
in the slag can hinder settling, as they can attach to copper 
droplets, forming a copper-solid entity with a lower aver-
age density than the copper phase [4, 45–47]. The lower 
density of the copper-solid entity results in accumulation 
above the settled copper phase in a settling furnace.

Copper Content in the Slag Matrix

The total copper content in the industrial slag is the sum 
of entrained and dissolved copper in the slag matrix. The 
total copper contents are analyzed in slag samples after the 
settling (furnace, outgoing, and granulated slag). The total 
slag copper content is an average of these samples for each 
batch. The copper content in the oxide phase is estimated 
using LA–ICP‒MS. The samples were granulated and, 
thus, cooled quicker than those collected while tapping, 
limiting the precipitation of dissolved copper. The pre-
cipitation of dissolved copper can cause the entrainment 
of copper droplets due to decreased solubility in the slag 
[48]. The precipitation of copper can be induced during 
slag cooling by the reaction between copper oxide and iron 
oxide, forming metallic copper and ferric iron [49, 50]. 
The precipitated metallic copper disperses throughout the 
slag layer as fine droplets.

The total and entrained copper content and the dis-
solved copper content in the oxide phase are plotted 
against the CaO content in Fig. 6a. The plot reveals that 
the total copper content is lower in the batches modified 
with CaO. The entrained copper content is estimated as the 
difference between the total and dissolved copper contents. 
The dissolved copper content varies between 0.35 and 0.48 
wt.%, lowest in C13 and highest in the batch without CaO 
modification (R4), indicating that the dissolved copper 
content in the slag decreases when the slag is modified. 
The decreased copper solubility can be explained by the 
acid–base theory of slags, where  Ca2+ ions replace  Cu+ 
ions within the slag structure [24]. A decreased copper 
solubility enhances recovery as dissolved copper becomes 
entrained and is available for settling.

Fig. 4  ln(viscosity [Pa·s]) vs. the inverse of the temperature (1/T) for 
a R2 and b C13. The calculations were performed for three tempera-
ture intervals to highlight deviations from the Arrhenius equation and 
linearity. The dotted trendline is for the entire temperature interval. In 
each figure, the green trendline to the left is between 1574 and 1723 
K, and the purple trendline to the right is between 1424 and 1524 K 
(Color figure online)
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The copper recovery is calculated by subtracting the 
outgoing copper content from the incoming copper content 
and dividing it by the incoming copper content—the mass 
difference between the slag before and after settling is 
assumed to be negligible. The temperature for the batches 
varies between 1496 and 1525 K, lowest for C13 and high-
est for C8. The copper recovery of the entrained copper 
content (droplet recovery) is calculated by subtracting the 
dissolved copper content from the incoming and outgoing 
copper contents and then using the same calculation for 
the total copper recovery. The total and droplet copper 
recovery data are plotted against the viscosity at the actual 
settling process temperature in Fig. 6b. The plot reveals 
a clear trend where the copper recovery is higher in the 
batches with a lower apparent viscosity during processing.

Copper Droplet Size Distribution

The CDSD was evaluated in slowly cooled incoming slag 
samples to the settling furnace. The CDSD analysis revealed 
that copper droplets settled in the molten slag after sampling 
and before solidifying. The settling was indicated by a gradi-
ent of CDSDs in the samples, as exemplified in Fig. 7. For 
R3, large droplets reaching 216 µm in size were frequently 
found near the bottom of the slag piece, indicating that set-
tling occurred and emphasizing the importance of droplet 
size regarding settling rates. The illustration only focuses 
on the copper droplets and does not reflect the appearance 
of the liquid slag phase and possible solids.

The cumulative CDSDs (%) of R3 and C18 are shown 
in Fig. 8, with the cumulative area % of each size fraction. 
The CDSD for R3 showed that 38% of the droplets were in a 

size range below 5 µm, and most of the droplets (90%) were 
below 15 µm in size. Due to their small sizes, these droplets 
had low settling rates, suggesting they would be lost with 
the slag after finalizing the settling. The largest droplets in 
R3 (100–216 µm) were 0.1% of the total droplets analyzed. 
The CDSD for C18 showed a shifted CDSD relative to R3, 
where 22% of the droplets had diameters of less than 5 µm; 
the largest droplets (100–408 µm) were 1.2% of the total 
droplet count.

The fraction of dissolved copper was calculated in the 
incoming slag by assuming that the slag matrix copper con-
tent in the granulated slag was unchanged during settling and 
then dividing the dissolved copper content by the incoming 
copper content. The percentage of dissolved copper in the 
incoming slag is shown in Fig. 9, revealing that the dis-
solved copper content was lower in batches modified with 
CaO: 43% in R4 and 25% in C18. The relatively high content 
of dissolved copper in a reference batch (43%) explained 
the high number of droplets with diameters of less than 5 
µm detected in R3. The samples were cooled in ambient 
air, causing the precipitation of dissolved copper due to 
decreased solubility in slag, suggesting that a fraction of 
the detected droplets could have been dissolved during the 
actual process.

The software measured the droplet area, and the cumula-
tive area % for R3 showed that droplets with diameters less 
than 15 µm accounted for 39% of the total copper droplet 
area. The droplets with sizes between 100 and 216 µm were 
0.1% of the total droplet number. However, the total area of 
these droplets was 13%, and the area of droplets larger than 
50 µm was 22%, suggesting that the droplets (> 50 µm) still 
contributed to decreased copper content in the final slag as 

Fig. 5  Activation energy plotted against the (CaO + FeO)/SiO2 ratio in the temperature intervals a 1574–1724 K and b 1424–1524. The melts in 
the high-temperature interval can be assumed to be fully liquid
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they settled with a higher rate. For C18, the cumulative area 
% differed significantly from R3, where the cumulative area 
% of the droplets with sizes less than 15 µm accounted for 
12% of the total area, and the largest droplets (100–408 µm) 
accounted for 72%. The results showed that the CaO modi-
fication increased the droplet size.

The CaO modification decreased the slag copper solubil-
ity [24, 25], indicating that more copper droplets were avail-
able for settling. However, the droplets must be sufficiently 
large to settle to the underlying copper phase before settling 
ends. The interfacial tension of matte and slag was sug-
gested to be the primary factor determining the droplet size, 
which increased with increasing interfacial tension [28]. The 
surface tension of slag was influenced by the addition of 
CaO, which increased with increasing addition [19, 29]. A 

decreased viscosity increases the mobility of the droplets, 
thus, improving the chance of them coalescing and increas-
ing the droplet size, settling rate, and copper recovery. The 
CaO modification occurred in the fuming furnace, where 
the slag was treated under a turbulent flow, suggesting that 
the entrained droplets had time to coalesce. The tendency 
for the coalescence of copper droplets should increase with 
the CaO modification, which was indicated by the CDSD 
evaluation. The droplets were mainly in the form of speiss, 
matte, and copper sulfide.

The theoretical settling velocity could be estimated with 
Stokes' law, displayed in Eq. 2, where v is the settling veloc-
ity (m  s−1), �Cu is the density of copper droplets (estimated 
to be 9000 kg  m−3), �slag is the slag viscosity (estimated to 
be 3600 kg  m−3), g is the gravimetric acceleration, R is the 

Fig. 7  Schematic figure of the gradient of copper droplets that 
increased in size toward the bottom of the slag piece

Fig. 8  Cumulative CDSD (%) and cumulative area (%) characteristics 
of copper droplets in R3 and C18

Fig. 6  a Total, entrained, and dissolved copper contents in the final 
slag vs. the CaO content. b Total recovery and droplet recovery vs. 
viscosity at the temperature during industrial settling for each batch
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radius of the copper droplets (m), and � is the slag viscosity 
(Pa·s).

The settling time was plotted against the cumulative area 
% of the copper droplets, as shown in Fig. 10, to estimate the 
influence of the CDSD on the settling time. The slag bath 
heights were 0.5, 0.3, and 0.1 m; the apparent viscosity for 
the slag was the measured viscosity at the operating tem-
perature registered during the trial. The CDSD was assumed 

(2)v =
2

9

(

�Cu − �slag

�

)

gR2
.

for the entire slag bath, and the droplets were assumed to 
be spherical. However, the settling during the operation 
in the settling furnace was complex, including the settling 
time with a given slag bath height and stagnant conditions 
and the slag-tapping process when the slag bath height was 
dynamic. After the given settling time, the slag was tapped 
from the furnace while the settling continued. The bath 
height decreased while tapping, suggesting that the droplets 
approached the underlying accumulated copper phase. Drop-
lets remaining after the finalization of the settling contribute 
to the final slag copper content.

The plot revealed that there was a significant differ-
ence between R3 and C18. After two hours (vertical line in 
Fig. 10) of settling, 16% of the droplet area settled from 0.3 
m in R3, and 73% settled in C18 from the same distance. 
The difference between the samples was a combined effect 
of lower viscosity and a higher CDSD in C18. The droplets 
that settled from 0.5 m within two hours had to be larger 
than 107 µm in the R3 slag and larger than 94 µm in C18, 
corresponding to 11% and 66%, respectively. The estimated 
settling times indicated that many aspects of settling were 
essential, including the slag bath height, CDSD, and slag 
viscosity. The results showed that CaO was a slag modifier 
that could be used to enhance settling, which was indicated 
by viscosity measurements, CDSD, and copper recovery in 
the settling furnace during the industrial settling trial.

Conclusions

In the present study, industrial CaO modification of an iron 
silicate copper smelting slag was evaluated by performing 
viscosity measurements, comparing the slag matrix copper 
content, CDSD, final slag copper content after settling, and 
copper recovery. The main conclusions of the industrial CaO 
modification were as follows:

• The viscosity was lower in the slag modified with CaO 
than in the reference slag collected during normal opera-
tion.

• The viscosity of the slag with a CaO content above 13 
wt.% had a relatively strong dependence on temperature 
and a relatively high activation energy at temperatures 
below 1524 K, which was attributed to structural changes 
and solid precipitation. These batches should preferably 
be operated at a temperature above 1524 K.

• The copper content in the solidified slag matrix was lower 
in the batches modified with CaO than in the unmodified 
batches, indicating that the copper solubility in the slag 
was lower when the CaO content was between 8 and 18 
wt.%.

• Most of the copper droplets (90%) in a reference batch 
had a diameter smaller than 15 µm, suggesting that these 

Fig. 10  Settling time for the cumulative area % of the copper droplets 
in R3 and C18

Fig. 9  Percentage of dissolved copper in the incoming slag to the set-
tling furnace
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droplets did not have time to settle during the settling 
process investigated. The cumulative area of these drop-
lets was 39%.

• The CDSD shifted to contain a higher number of larger 
droplets when the slag was modified with CaO, enhanc-
ing the settling of entrained droplets and copper recovery.

• The copper recovery was strongly correlated to the slag 
viscosity under the given process conditions, being 
higher in the slag with lower viscosity.

The conclusions from the study confirmed that industrial 
slag treated in an electric settling furnace could be modi-
fied with CaO for enhanced settling and copper recovery 
characteristics. The findings could be applied industrially to 
improve slag cleaning and increase raw material efficiency 
and slag valorization by reducing the contents of copper and 
associated elements, improving the sustainability of pyro-
metallurgical copper extraction.
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