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Abstract: Waste of electrical and electronic equipment (WEEE) is one of the fastest growing waste 

streams globally. Therefore, recycling of the valuable metals of this stream plays a vital role in 

establishing a circular economy. The smelting process of WEEE leads to significant amounts of 

valuable metals and rare earth elements (REEs) trapped in the slag phase. The effective 

manipulation of this phase transfer process necessitates detailed understanding and effective 

treatment to minimize these contents. Furthermore, an adequate process control to bring these metal 

contents into structures that make recycling economically applicable is required. Within the present 

study, a typical slag from a WEEE melting process is analyzed in detail. Therefore, the material is 

investigated with the help of X-ray computed tomography (XCT) and scanning electron microscopy 

(SEM)-based mineralogical analysis (MLA) to understand the typical structures and its implications 

for recycling. The influencing factors are discussed, and further processing opportunities are 

illustrated. 

Keywords: waste of electrical and electronic equipment; X-ray computed tomography; mineral 

liberation analysis 

 

1. Introduction 

Over the course of the last few years, the pyro-metallurgical recycling process of electronic 

scraps, so-called WEEE (waste of electrical and electronic equipment), developed significantly not 

only because of governmental restrictions and statutory recycling rates, but also due to valuable and 

economically interesting amounts of metal contents (e.g., Cu, Au, Ag) [1]. Nevertheless, the industrial 

processes are tailored to recover only valuable metals from e-waste. In general, when talking about 

e-waste, valuable metals are concentrated mainly on PCBs (printed circuit boards). The metals found 

in and on PCBs can be classified into five main groups, namely, base metals (BMs), precious metals 

(PMs), platinum group metals (PGMs), metals of concern (MCs, hazardous), and rare earth elements 

(REEs) [2,3]. 

 Base metals (BMs): Cu, Al, Ni, Sn, Zn, and Fe; 
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 Precious metals (PMs): Au, Ag, Pd, Pt, Rh, Ir, and Ru; 

 Metals of concern (MCs, hazardous): Hg, Be, In, Pb, Cd, As, and Sb; 

 Scarce elements (REEs): Te, Ga, Se, Ta, and Ge. 

The general pyro-metallurgical recycling process of PCBs (see Figure 1) is based on the 

combustion of the organic constituents of the material mix fed into the furnace and using the energy 

of this exothermic reaction to melt the other constituents. Therefore, depending on the desired 

process and the PCB content in the feed mix, the organic content is used either to substitute fossil 

energy (organic content ≤20 wt. %. of the feed mix) or to run the entire process autothermal (organic 

content >20 wt. %. of the feed mix). Thus, an off gas containing combusted organics, flame retardants 

(bromide and chloride compounds), and parts of the zinc as oxide is produced. Currently, processes 

are able to recover most of the base metals (Cu, Ni, Sn), as well as the precious metals (Au, Ag, Pd, 

Pt), contained within the input material in a metal phase at the bottom of the furnace. Above this 

metal phase, a slag phase will form, containing the ceramic compounds of the feed mix, such as 

aluminum oxide, silicon dioxide, and magnesium oxide, as well as oxidized metals such as iron and 

aluminum. Unfortunately, there is always some of the base metal alloy, which is entrapped as 

droplets inside the slag (~1–2 wt. % of the slag). Within these entrapped droplets, some of the precious 

metals, as well as parts of lead and tin in their metallic state, are lost to the slag. Depending on the 

process, atmosphere, and slag chemistry, oxidic forms of lead and tin may also occur. The last group 

of elements, i.e., the scarce elements, are mainly bound in the slag. However, depending on the 

chemical reactions inside the furnace, halides may also be formed and lost to the off gas [4]. Although 

the recycling process is quite well developed and plenty of research was done in that field, the 

distribution of scarce elements is still not fully understood, and an efficient recovery method is yet to 

be developed.  
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Figure 1. General schematic process of metal recycling from printed circuit board (PCB) scraps [5]. 

In order to reduce metal losses to the slag, facilitate their recovery, and possibly recover REEs, 

further investigation must be conducted. In this context, FACTSage™ (Thermafact/CRCT, Montreal, 
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Canada and GTT-Technologies, Aachen, Germany) [6] offers one suitable opportunity to help 

understand the influence of slag chemistry on the viscosity of the slag, consequently enabling a 

detailed understanding and manipulation of the settling behavior to reduce these losses. A possible 

solution, which is investigated within this study, is the targeted concentration of metal parts, as well 

as scarce elements, in certain phases inside the slag, achieved through controlled cooling rates and 

slag chemistry. A positive concentration would facilitate further separation, collection, and 

subsequent recycling of these elements, enabling the recycling of scarce elements to become 

technically and economically feasible [7,8].  

With respect to a sustainable recycling strategy, a detailed understanding of the elemental 

distribution within the process, the reduction of metal losses to the slag, and the material properties 

of the product is essential. Therefore, the analysis of the present slag material in terms of formed 

structures depending on the cooling rate and the enrichment of metals in these structures is of great 

interest. Two main analysis methods were used in the present study, namely, SEM-based 

mineralogical analysis (MLA) and X-ray computed tomography (XCT). 

SEM-based mineralogy (MLA) is a two-dimensional image analysis method based on scanning 

electron microscopy coupled with energy-dispersive X-ray spectroscopy [9,10]. It is proven to be a 

practical method for multidimensional characterization of various phases [11–13]. Using MLA allows 

for an integrated analysis of shape, size, and distribution of various phases within a specimen which 

can be a sample block, thin section, or a grain mount. By studying processes such as comminution or 

physical separation, process parameters can be directly related to product characteristics with respect 

to particle properties [14–17]. For example, the liberation of valuable phases with respect to grinding 

fineness, as well as the dominating fracture mechanisms, can be studied [18–20].  

XCT enables a non-destructive three-dimensional characterization of specimens. As it is based 

on the X-ray attenuation of the volume elements (voxel), which is a function of the materials’ average 

atomic number, wavelength, material density, and path length, voxels can have different chemical 

composition but similar attenuation coefficients [12]. Studying multiphase materials such as ores and 

slags can, thus, be challenging. Different approaches exist to face this problem. These are direct three-

dimensional analysis of the chemical composition using X-ray fluorescence tomography [21,22] or 

the combination of two-dimensional analysis of the chemical composition with XCT [19,23–25]. 

The aim of the investigation is to identify if the slag could possibly represent an artificial resource 

or collecting agent for various valuable metals and rare earth elements. Based on the findings of this 

study, it is planned to develop an effective and efficient method for the downstream recycling process 

of the addressed elements. If it is possible to do so, a huge pyro-metallurgical process optimization 

potential is expected, as this resource can be influenced in various ways and no detailed knowledge 

is generated so far. 

2. Materials and Methods  

The slag, which was further investigated in this study, resulted from a previously conducted 

PCB melting experiment in a TBRC (top-blown rotary converter) of industrial scale (0.5 m³ melt 

volume) [5]. Within the experiment, 560 kg of finely ground PCBs were injected into a synthetic slag 

phase at 1300 °C starting temperature. The main elemental components of this injected material were 

Cu, Pb, Zn, Al, Ni, and Sn. For more details on the injected material, the reader is referred to Borowski 

et al. (2018) [5]. The general schematic experimental set-up is shown in Figure 2. 
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Figure 2. Schematic process of waste of electrical and electronic equipment (WEEE) powder injection 

into the slag phase. 

The experiment was conducted with an initial molten slag bath formed by a composition of SiO2, 

Al2O3, and CaO, chosen so that the lowest possible liquid temperature was achieved. The powder 

and fines were injected into the slag phase near the metal slag boundary through the injector (see 

Figure 3).  

 

Figure 3. Top-blown rotary converter (TBRC) with lances for injecting WEEE powders and oxygen 

[5]. 

The mass flow of the injected WEEE powder was adjusted according to the calculated energy 

requirement for an autothermic melting process between 1350 °C and 1450 °C and was based on the 

calorific value of the organic content of approximately 30 wt. % in the feed material. After 560 kg of 

material was continuously injected into the slag phase and 30 min of holding time elapsed, both slag 

and metal phases were tapped at 1450 °C into a cold (20 °C) cast-iron ladle that was coated with a 

thin graphite layer (for more detailed information on the smelting process from which the 

investigated slag originates, see Borowski et al. (2018) [5]). In the ladle (see schematic in Figure 4), the 

metal was intended to settle at the bottom and to cool relatively quickly while the slag cooled down 

with different cooling rates from the outside to the center. At the ladle’s cold side walls, in a very 

small zone 1, very high cooling rates of approximately >100 K/s are realized. Here, the slag is intended 

to form an amorphous, glass-like structure, whereas, in the center of the ladle, in zone 3, a mineral 

phase with crystalline structures is expected. Here, due to the solidified surrounding slag, the inner 
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core is literally thermal insulated, and it features a very low cooling rate of approximately <1 K/s. In 

between these two zones, the biggest zone 2, with an “intermediate” cooling rate of approximately 5 

K/s (mean cooling rate of the entire zone), is formed.  

The main difference in metal concentration is expected between the inner (zone 3) and outer 

phase (zone 1) of maximal and minimal cooling rates. The slags of intermediate cooling rates (zone 

2) will probably not differ much in terms of results from the inner phase (zone 3), as the cooling rates 

are too close to each other.  

 

Figure 4. Schematic illustration of the slag ladle with expected cooling zones and cooling rates. 

2.1. X-Ray Computed Tomography 

In order to analyze the three-dimensional (3D) structure of the slag, the fragments of samples 

from the slag ladle (see Figure 4) of zone 1 (H), zone 2 (M), and zone 3 (S) were subsampled by drilling 

small cores (4 mm in diameter) from them. These cores were then glued on sample holders and 

scanned using X-ray computed tomography (XCT). The used XCT apparatus was a Zeiss Xradia 510 

Versa X-ray microscope (Carl Zeiss AG, Oberkochen, Germany), which combines geometric and 

optical magnification for increased spatial resolution (Figure 5). The total magnification results from 

the product of geometric and optical magnification. Detailed information on XCT can be found, e.g., 

in a review article by Hanna and Ketcham (2017) [26]. 

 

Figure 5. Working principle of an X-ray microscope combining geometric and optical magnification 

for increased spatial resolution. 

XCT scans were done with two sets of parameters to analyze the whole core in a large field of 

view (FOV, 7.8 µm voxel size) and to additionally get a high-resolution virtual subsample via an 

interior tomography using a small FOV (2.77 µm voxel size). The latter enabled a detailed view of 

small structures formed by the complex intergrowth of the different slag phases. The scan parameters 

are listed in Table 1.   

Sample

Scintillator Lens CCD cameraX-ray source

geometric 
magnification

optical 
magnification

a b



vis

X-ray
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Table 1. Scan parameters from X-ray computed tomography (XCT) analysis. 

Scan Total Detail 

Source position (mm) −20 −14 

Detector position (mm) 160 20 

Lens 0.4× 4× 

Acceleration voltage (keV) 110 110 

Electrical power (W) 10 10 

Filter (Zeiss Standard) HE1 HE1 

Camera binning 2 2 

Pixel size (µm) 7.8 2.77 

Number of projections 801 2001 

Scan angle (°) 360 360 

Scan time (hh:mm) 1:18 2:23 

The projection images were reconstructed using the scanner’s proprietary software Scout&Scan 

Reconstructor (Version 11.1.8043, Carl Zeiss AG, Oberkochen, Germany). The analysis of the final 

image stack was done with the software VGStudio MAX 3.3 (Volume Graphics GmbH, Heidelberg, 

Germany). 

2.2. Scanning Electron Microscopy-Based Mineralogical Analysis 

In preparation for the investigation via MLA, the samples were crushed and ground down to a 

particle size of <500 µm. Subsequently, the material was screened into four different size fractions. 

Samples of these size fractions were analyzed separately by MLA. The preparation of the samples is 

shown in Figure 6. 

 

Figure 6. Preparation of samples H, M, and S for analyses via SEM-based image analyses; after a 

sequence of jaw and cone crushing, the material is milled down to an upper particle size of 500 µm. 

The material is then screened into four size fractions. 

The samples were analyzed by means of a mineral liberation analyzer (MLA). Grain mounts of 

the particle samples were prepared by mixing 3 g of material with the same volume of graphite and 

epoxy resin. The grain mounts were polished and subsequently carbon-coated with a Leica (Baltec) 

MED 020 vacuum evaporator (Leica Microsystems, Wetzlar, Germany). The MLA consisted of an FEI 

Quanta 650F (Thermo Fisher Scientific, Waltham, MA, USA) field-emission SEM (FE-SEM) equipped 

with two Bruker Quantax X-Flash 5030 (Bruker, Billerica, MA, USA) energy-dispersive X-ray 

detectors (EDX). Identification of mineral grains by MLA involves backscattered electron (BSE) image 

segmentation and collection of EDX spectra of the particles and grains distinguished in GXMAP 

(grain-based X-ray mapping) mode. In this mode, EDX spectra of each particle are collected in a dense 

grid and further classified, using a list of mineral spectra collected by the user. The GXMAP 

measurement mode was applied to all samples [10]. Data processing and evaluation was done with 

the software package MLA Suite 3.1.4.686. The scan parameters for measurement are listed in Table 

2.   
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Table 2. Scan parameters from mineral liberation analyzer (MLA) analysis. BSE—backscattered 

electron. 

GXMAP Parameters Total 

Voltage (kV) 25 

Probe current (nA) 10 

Horizontal field width (µm) 1000 

BSE calibration 253 

Resolution (px) 500 × 500 

Pixel size (µm/px) 2 

GXMAP trigger 25 

Step size (px) 6 

Minimum grain size (px) 4 

3. Results 

After cooling the tapped slag, the discarded slag showed that the produced metal settled 

properly (see Figure 7B) at the bottom of the ladle and could, as intended, be easily separated from 

the slag. The slag, as shown in Figure 7, also showed the expected structures. The outermost slag shell 

was amorphous and glass-like and looked like a black–green basalt glass. The slag of zone 2 showed 

no amorphous phases. Here, small metallic inclusions were very easily visible. In the innermost zone 

3, after 24 h of cooling (approximately 80 °C), the slag mostly showed the same structure to that in 

the intermediate zone, but with a more pronounced crystallinity.  

  

(A) (B) 

Figure 7. (A) Molten slag phase inside the TBRC during the melting process; (B) cooled slag and metal 

block [5]. 

After cooling and crushing, the slag was subsequently analyzed. Therefore, several samples 

from different positions inside the ladle were taken, and the mean composition of the slag was 

determined. Table 3 shows the values for the main components of the slag and most important 

components in terms of viscosity and cooling rate.  

Table 3. Average composition and liquid temperature of the slag. 

Slag SiO2 Al2O3 CaO FexOy CuO PbO Tliq (°C) 

wt. % 36 31.6 19.2 22.0 5.4 0.5 1350–1400 

The slag material used in further investigations was individually sampled from different 

positions of the three cooling zones. One sample (H) originated from zone 1, the outer region of the 

ladle with a high cooling rate. The two other samples (M and S) were sampled from more central 

areas of the slag inside the ladle, whereby sample M was taken from zone 2 and sample S was taken 



Minerals 2020, 10, 309 8 of 19 

 

from the most central zone 3. All taken samples from the designated cooling zones were analyzed by 

X-ray computer tomography (XCT) and SEM-based image analysis (MLA).  

3.1. Results of Computer Tomography 

Results of XCT analysis are given in Figure 8. In the top row of Figure 8, the projection images 

of the three different samples H, M, and S are shown to give an overview of the structure within the 

measured volume. The second row shows the cross-sections through the scanned volumes. The red 

lines visible in the projection images indicate the position of these cross-sections within the volume. 

The grayscale represents the X-ray attenuation, which is a function of the materials’ average atomic 

number, the wavelength of the X-ray, the material density, and the material thickness. Increased 

absorption by a region results in a brighter appearance in the image, with pores appearing as dark 

regions. 

 

Figure 8. Results from XCT of samples H, M, and S. Top row: projection images of the analyzed 

volumes giving an overview of the structures and the size scale; bottom row: reconstructed cross-

sections from the position of the red line in the projection images. 

The morphological analysis of the metal-rich phases (bright regions in the images of Figure 8) 

showed that they appear as plate-like to needle-like shapes. Their smallest dimension was often 

below 100 µm. Mechanical liberation by comminution will, therefore, be challenging, and it requires 

grinding at least down to an upper particle size of roughly the above given number. The visualization 

of the metal-rich phases shown in Figure 9 gives an idea of their morphology. 
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Figure 9. Visualization of the morphology of the metal-rich phases of sample S. 

Comparing the projection image of sample H and a slice through the reconstructed volume 

shown in the first row of Figure 8 demonstrates a problem related to two-dimensional analysis. Pores 

and spherical strong absorbing phases are clearly visible in the projection image but lacking in the 

chosen section. Therefore, the strong absorbing phases were analyzed in order to measure their size 

distribution and volume percentage. This helped to estimate whether or not results from subsequent 

two-dimensional analysis may be misleading. Figure 10 shows a rendering from the inclusion 

analysis. Spherical inclusions up to approximately 700 µm in diameter were found. These inclusions 

only accounted for ~0.4% of the sample volume and can, therefore, be neglected with respect to the 

processing of the slag. 

 

Figure 10. Rendering of spherical metallic inclusions contained in sample H. 

3.2. Results of SEM-Based Mineralogical Analysis 

In addition to the analyses via XCT, the material was analyzed with MLA according to Section 

2.2. Based on these MLA observations, it was shown that the particles in sample H had a different 

habitus than the particles of the samples M and S, which is in good agreement with the results of the 

XCT analysis. The Cu-rich phases displayed a variety of shapes, i.e., forming melting droplets and 

drop aggregates, veins, or dendritic crystals. Those various Cu-containing phases were present in all 

samples and had to be compared based on concentration, content of Cu, structure, and recoverability 

by various methods. The main reason for the previous grinding of the sample to <500 µm is 

explainable by the anisotropic structure of the investigated sample. Another reason is the available 
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size for a typical grain mount, where bigger particles would cause an insufficient representativity 

and, at the same time, would lead to a disproportional measurement effort. Furthermore, it would 

help get first insight into the liberation behavior of the valuable material. 

An overview of the particles analyzed via MLA of the different samples is shown in Figure 11. 

 

Figure 11. Overview of the three slag samples H, M, and S: MLA false color images display the 

difference between sample H and samples M and S. 

From the false color images in Figure 11, it can be seen that the elemental content and structure 

of the particles of sample H were significantly different from samples M and S. The samples M and 

S can be considered as similar regarding particle composition and properties. 

The mass recovery of the size fractions gives an overview of the different breakage behavior for 

the various slag samples. As displayed in Table 4, the mass recoveries for H, M, and S showed 

significant differences. The fine fraction <63 µm increased from H to M and to S. The coarsest fraction 

>250 µm showed the inverse trend. 

Table 4. Mass recovery of the different size fractions of the samples H, M and S. 

Size Fraction 

(µm) 

H 

(%) 

M 

(%) 

S 

(%) 

>250 31.9 30.0 15.2 

125–250 30.3 22.5 23.2 

63–125 18.1 18.7 22.8 

<63 19.8 28.7 38.8 

The breakage characteristics of the slag seemed to change between the outer and the inner 

region. More and more fines appeared below 63 µm. One explanation could be the finer intergrown 

structure of the samples from the inner regions, compared to the mainly homogeneous structure of 

sample H. Furthermore, the decreasing brittle character of the inner sample led to more abrasion. 

Nevertheless, the results showed the effect on the breakage characteristics of the cooling rate, which 

could, therefore, be adjusted to a certain desired behavior. 

As Cu was the main valuable metal with significant content within the investigated slag samples, 

various aspects regarding Cu are discussed in the following sections. It has to be stated that Cu was 

present in two different forms in the slag material: Cu-bearing slag phase (Cu-rich) and pure metal 

(Cu-metal). This statement is evaluated in more detail in the following section with various 

representations focusing on this aspect. The total content of Cu in the three different samples is shown 

in Table 5. The Cu content is shown for the different size fractions, and an average value is indicated.  
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Table 5. Total Cu content of the different size fractions and average value of samples H, M, and S. 

Size Fraction 

(µm) 

H 

(%) 

M 

(%) 

S 

(%) 

>250 2.9 17.9 18.1 

125–250 2.9 18.7 18.3 

63–125 3.1 18.7 18.4 

<63 3.5 18.4 17.7 

Average 3.1 18.4 18.1 

Table 5 illustrates that M and S showed a much higher Cu content than H. The Cu content of H 

was in the range of 3 wt. %, whereas M and S showed approximately 18 wt. % Cu. Furthermore, there 

was no enrichment of Cu in certain size fractions, resulting in a particle size-independent content. 

Additionally, the Cu present as pure metal droplets is shown in Table 6. The portion of Cu present 

as metal represents the amount of Cu that is recyclable in a certain way. The rest of Cu that is present 

as a slag phase is very likely lost or difficult to gain for a further recycling process. Fortunately, the 

content of Cu-metal increased from H over M to S. Sample S showed the highest content of Cu-metal 

with again no enrichment in a specific size class being visible according to Table 6. 

Table 6. Cu-metal content of the different size fractions and average value of the samples H, M, and 

S. 

Size Fraction 

(µm) 

H 

(%) 

M 

(%) 

S 

(%) 

>250 0.4 7.2 8.7 

125–250 0.4 7.8 8.7 

63–125 0.5 8.0 8.6 

<63 0.6 7.7 8.4 

Average 0.4 7.7 8.5 

Another aspect of interest concerning a potential recycling process for Cu is the size of these 

metal droplets within the sample. Therefore, their size distribution is shown in Figure 12. The size 

distributions of M and S were in the same range, while H showed a much finer size distribution. 

Nevertheless, all three size distributions were in a rather fine range for a potential mechanical 

separation process. Furthermore, it needs to be stressed that the required liberation size is around 

1/10 of the grain size assuming random fracture [27]. Slags are known to be close to a pure random 

fracture due to their brittle behavior caused by amorphous phases and rough interfaces [18]. 

Upgrading Cu-rich phases by mechanical separation processes will, thus, be challenging with respect 

to the required liberation size. 

 

Figure 12. Cu-metal grain size distribution of the three different sampling areas. 
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A further important characteristic is the shape of the Cu-metal droplets within the different slag 

structures. From the results of XCT analyses of Section 3.1, it was already concluded that the structure 

of sample H was different from that of samples M and S. For further investigations, representative 

examples of the particles analyzed by MLA for sample H (see Figure 13) and for samples M and S 

(Figure 14) are analyzed in more detail. The shape of the Cu grains in sample H showed a circular 

shape. In connection with 3D analysis via XCT, it can be concluded that these Cu-metals in sample H 

were spheres formed by droplets. These spheres (brown color in Figure 13) showed no connection to 

the surrounding amorphous phase. The amorphous phase in sample H shown in Figure 13 is 

represented by the pink color, and it consisted mainly of the elements Ca (~12%), Al (~15%), Fe (~2%), 

Cu (~2%), Si (~27%), and O (~40%). 

 

Figure 13. Typical particles with copper inclusion of sample H: (left, A and C) grayscales from BSE 

images; (right, B and D) associated false color images indicating different phases: pink (amorphous 

Al slag phase), brown (Cu-metal). 

These metal droplets in sample H originated from the turbulent mixing during the smelting 

process. The metal droplets were transported to the slag phase. The cooling rate in this range was 

high enough to inhibit settling of the Cu droplets back to the metal phase at the bottom of the furnace. 

This theory is further confirmed as the Cu droplets showed a sharp boundary to the surrounding 

slag phases of sample H. A very different observation can be made in samples M and S displayed in 

Figure 14. In these samples, particles containing Cu comprised Cu-metal droplet aggregates in 

association with Cu-bearing slag phases. 
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Figure 14. Typical particles with different phases of the samples M and S: (left, A and C) grayscales 

from BSE images; (right, B and D) associated false color images indicating different phases: green (Al-

rich slag phase), brownish colors (Cu-rich phases) (see Table 7). 

There are two main areas visible in the false color image of Figure 14. Firstly, there is a more or 

less homogeneous, needle-like green region (the dark phase in Figure 8 and on the left side of Figure 

14 A,C). The second main area is more heterogeneous, marked by brownish colors showing a variety 

of different phases. The Cu-rich phase consisted of a matrix phase consisting of phases b and c, a 

dendritic structure (phase d), and the Cu-metal visible as round droplets (see phases in Table 7). The 

main elemental contents of these dominant phases are shown Table 7. The Cu-metal phase (phase e 

in Table 7) always showed an agglomeration of spherical droplets within the Cu-rich matrix phases 

(b and c). The phase d indicated a dendritic structure with a quite high Cu content of approximately 

49%. In the whole sample (M and S), the Al-rich (a in Table 7) phase summed up to approximately 

50%, the Cu-rich phase summed up to approximately 35% (sum of phases b–d), and the Cu-metal 

represented 9%.  
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Table 7. Main elemental content of the dominant phases of samples M and S. 

Phase 

(see Figure 14) 

Cu 

(%) 

Fe 

(%) 

Al 

(%) 

Ca 

(%) 

Pb 

(%) 

Si 

(%) 

O 

(%) 

a 
 

<1 <1 24 15 0 20 39 

b 
 

15 <1 11 4 3 23 37 

c 
 

17 4 12 3 3 23 34 

d 
 

49 19 12 0 0 0 16 

e 
 

100 - - - - - - 

The Cu-metal droplets always appeared within the Cu-rich matrix (b and c). This fact supports 

the hypothesis of the occurrence of a transportation process in connection with a formation of Cu-

rich dendrites (phase d) and an agglomeration of Cu droplets (phase e). These processes are in fact a 

function of the cooling rate. In conjunction with the increasing proportion of Cu-metal droplets with 

more distance to the outer region of the slag (see Table 6), the cooling rate seemed to influence the 

appearance of the Cu-metal droplets and the characteristics of the surrounding phases. 

The deportment of the element Cu, which is the major valuable element in the present material, 

into the different phases of the investigated slag structures is an important factor for the assessment 

of its recyclability. Figure 15 shows the deportment of Cu into the different main phases of the three 

samples H, M, and S. 

 

Figure 15. Deportment of Cu as a percentage in the three different samples (H, M, and S) between the 

different main phases: Cu-metal, Cu-rich, and amorphous. 

For sample H, the majority of Cu was found in the amorphous phase. Only 14% of the total Cu 

content within this sample appeared as the metallic phase. This ratio underlines the low potential for 

the recycling of the material of this outer zone (H). In contrast to that, the ratios for sample M and S 

were much more promising with regard to potential recycling, e.g., via mechanical separation 

processes. For these samples, the amount of Cu present as the metallic phase was much higher (42% 

and 47%, respectively). The Cu-rich phase in Figure 15 summarizes the phases b, c, and d from Table 

7. 

For a potential mechanical processing of the material to enrich the Cu-metal phase via separation 

processes, the liberation of this phase is of major interest. Therefore, in Figure 16, the particle-based 

information from MLA is binned into property classes of particle size (xP in µm) and liberation of the 

Cu-metal phase (L in vol. %, indicating the proportion of Cu-metal in a particle). In the individual 

bins of xP and L, the theoretical recovery of Cu-metal phase (rCu-metal) is indicated by number and the 

color scale. The focus of these considerations is only on samples M and S, due to the low potential of 

sample H for further recycling steps. 
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Figure 16. Theoretical recovery (rCu-metal) of the Cu-metal phase into size (xP) and liberation (L) classes 

for the two main products M and S. 

The recovery values (rCu-metal) of the Cu-metal phase in Figure 16 summed up to 100% for each 

sample. According to Figure 16, the distribution in the different xP and L classes of the Cu-metal phase 

was more or less the same for samples M and S with only minor differences. The majority of the Cu-

metal was in the range of 40 µm to 320 µm, showing a rather low liberation (≤50%). This material 

needs to be further liberated by additional comminution steps. These comminution steps have to be 

controlled (e.g., via combination with a suitable classification process) to avoid an overgrinding of 

the Cu-metal phase, not to increase the amount in the lower particle size range. Already more than 

20% of the Cu-metal is in a range below 40 µm. Despite some fractions showing a satisfying liberation 

(L > 70%), this relatively low size range is already challenging for conventional mechanical separation 

processes (e.g., density separation via shaking tables). 

3.3. Other Elements 

The above evaluations focused on the element Cu, due to its relatively high content. There are 

other interesting elements present in the investigated material. Table 8 shows the averaged content 

of some other interesting elements in samples M and S. 

Table 8. Averaged content of various elements in samples M and S measured by MLA. 

Content Al Fe Cr Sn Pb Zn Ni 

% 17 5 2 2 1 1 0.5 

The appearance and deportment of the elements of Table 8 are decisive for the potential 

recycling of these materials. For samples M and S, the majority of these elements were distributed 

between the Cu-rich phases (mainly phases b, c, and d of Table 7) and the Al-rich phases (mainly 

phase a of Table 7). Some elements were present in other phases with significant amounts. Table 9 

gives an overview of the deportment of these elements within samples M and S.  

Table 9. Deportment of various elements between the Cu-rich, Al-rich, and other phases in samples 

M and S. 

Element 
Cu-Rich 

(%) 

Al-Rich 

(%) 

Other Phases 

(%) 

Al 29 70 1 (present as Al metal phase) 

Fe 59 21 20 (present as iron oxide) 

Cr 43 50 7 (distributed between various minor phases 

Sn 30 - 70 (present as SnO2) 

Pb 99 - 1 (distributed between various minor phases) 

Zn 21 62 17 (present as ZnO) 

Ni 20 78 2 (in minor phases) 
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Obviously, the majority of Al was found in the Al-rich phases; nevertheless, 29% was found in 

the Cu-rich phases, and 1% was present as Al metal inclusions. For Fe, the main amount was found 

in the Cu-rich phases, whereas only 21% was in the Al-rich phases, and 20% was present as a more 

or less pure oxide phase. The situation for Sn was totally different, as no Sn was found in the Al-rich 

phase, while 30% was present in the Cu-rich phases, and the majority appeared as isolated SnO2 in 

the sample. Nearly all Pb was in the Cu-rich phases. For Zn and Ni, the majority was found in the Al-

rich phases. In contrast to Cu, the other elements had no significant appearance in a pure metallic 

form, while some minor metallic occurrences were found only for Al (1%). This analysis of the 

deportment of various elements gives a first overview of the different behavior of these elements. A 

more detailed evaluation of these elements and other trace elements requires the application of 

additional analysis methods [28]. 

4. Discussion 

The slag structure is an important factor for the potential recycling of various valuable metal 

contents. By adjustment of the process parameters, the structure can be tailor-made for optimizing 

the recovery of different valuable materials [29].  

Firstly, it has to be stated that the results from XCT and MLA are in good agreement. In both 

cases, clear differences between sample H on the one hand and sample M and S on the other hand 

were visible. There were two main occurrences of Cu-metal within the slag structure. The first 

represents the presence of single Cu droplets within the amorphous matrix in the outer region of the 

TBRC. These droplets appeared detached from the surrounding amorphous slag structure (see Figure 

13). In this region, the cooling rate was rather fast, whereby the droplets could not sink back into the 

metal phase and were entrapped within the glass-like slag structure. This area is of less importance, 

as this zone 1 (see Figure 4) was determined to sum up to <1 wt. % of the total mass in the process. 

Nevertheless, if possible, a further reduction of this zone could be beneficial. 

The main slag material showed a structure as identified in samples M and S. Although these two 

samples originated from different zones of the furnace (zones 2 and 3, see Figure 4), no significant 

differences between their phase structures were identified. There were two main patterns present in 

these samples: an Al-rich slag phase and a Cu-rich phase. These main areas showed significant 

differences regarding their structure and elemental contents. With respect to the solidification order 

of these main phases, the following assumptions can be made: the Al-rich phase (a) represents the 

material that solidifies first, followed by the Cu-metal phase. The metal droplets then accumulate as 

loos agglomerates within the Cu-rich matrix (b and c). Meanwhile the Cu-rich dendritic structures 

are formed, and phase b and c finally solidify.  

The distribution of various valuable metals (e.g., Au, Ag, Ge, In) between the different phases of 

the slag, their deportment, and in which phases they accumulate have to be investigated further [30–

32]. Special focus should also be on the effect of the applied slag system [33] and the adjustment of 

the components to improve the breakage properties with respect to a downstream comminution 

process [18,34].  

By adjusting the cooling rate, the occurrence of the described Cu droplets has to be minimized. 

The slag should be kept in a certain temperature window to allow these droplets to settle back onto 

the metal face at the bottom of the furnace. As these isolated droplets predominantly appear in the 

outer regions of the furnace and the Cu content is already lower compared to other regions, the 

handling and adjustment of this structure is of less importance. By lowering the cooling rate at the 

same time, the Cu structure in the inner regions of the slag can also be altered. The target is a better 

recyclability of the Cu contents of these materials. A detailed understanding of the occurrence of the 

main phases and their formation process is necessary for a better understanding of potential 

parameters to optimize the processability. The structures have to be adjusted to the requirements of 

the following processes. A potential downstream grinding and separation cascade possibly implies 

increasing the size of the Cu-metal agglomerates.  

In the end, there are two main aspects to improve the recyclability of potential valuable metals 

within the slag structure. The first point, which is only indirectly linked with the improvement of 
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recyclability, is to reduce these metal contents in the slag by allowing the metal droplets to sink back 

into the metal phase on the bottom of the furnace. The second point is the adjustment of the slag 

structure to improve the performance of potential downstream processes [35]. Both require a detailed 

understanding of the process–parameter–slag–structure relationship and the proposed investigation 

procedure is able to reveal and quantify the critical effects. Additionally, other observation techniques 

should complement the presented approach to get the full picture [36]. Finally, it has to be stated that 

the found structures within the slag analyzed via XCT and MLA strongly depend on the applied 

reactor technology and the resulting flow patterns. These dependencies have to be investigated 

further.  

5. Conclusions  

The applied analysis methods enabled the characterization of the present material structures of 

the investigated slag samples. Through the synergetic effect of the two imaging techniques (SEM-

based image analysis and X-ray CT), it was possible to identify potential valuable phases and assess 

the recyclability of these contents. The application of these imaging techniques improves the 

understanding of the size, shape, and association of the present phases. The Cu-metal contents within 

the slag samples represent the main valuable component. For a sustainable recycling of these 

contents, the slag structure has to be optimized and adjusted to the requirements of following 

processes with the help of various process parameters (e.g., cooling rate). The detailed 

characterization of the slag structure by imaging processes in combination with fluid flow modeling 

approaches via computational fluid dynamics represents the basis for an adjusted process 

optimization and further improvement of recyclability. The main conclusions from the present study 

in short are as follows: 

 The outer amorphous layer of the slag is not suitable for recycling of the metal contents and 

needs to be minimized. 

 The phase structures (e.g., size and shape) showed no differences for sample M (zone 2) and S 

(zone 3). 

 The actual size range of the Cu metal inclusions is too small for mechanical separation processes. 

The grain size needs to be increased to improve the recyclability; otherwise, these contents need 

to be lowered in the slag. 

 Other elements, e.g., Fe, Sn, Ni, Zn, Pb, and Cr, were not found to be present as pure metals in 

the slag; rather, they were in other oxide or silicate phases. 

 An interdisciplinary approach of different fields (i.e., metallurgy, mineral processing, and 

analytics) is necessary to improve the recyclability of such complex slag materials.  
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