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1. Introduction and Scope

Our modern everyday life and thus our technical progress is based on a variety of metals. For
example, computer chips and smartphones contain up to 60 different metals in various compounds
and concentrations. The secure supply of our industry with these raw materials has become a strategic
element of global politics and always leads to conflicts of interest between economics and ecology, as
well as social needs.

Georesources, i.e., metal-containing primary raw materials, will continue to provide the bulk of
supply for a long time, but deposits will become poorer and more complex. In the wake of Europe’s
demand for a “circular economy”, the reuse of metal-containing materials or their elements themselves
is becoming increasingly important. However, recycling in a growing demand environment, especially
in the Asian region, can never close the gap even with theoretically complete recirculation. In this
respect, the sustainable use of our metals is very important. However, that does not mean recycling at
any price, as there is always an optimum balance between resource use (energy, materials, personnel,
land, water, etc.) and the resource proceeds of every metal extraction process.

The high demand on advanced metallic materials raises the need for an extensive recycling of
metals and a more sustainable use of raw materials. Advanced materials are crucial for technological
applications, coexisting with an increasing scarcity of natural resources. This Special Issue, “Sustainable
Utilization of Metals - Processing, Recovery and Recycling”, is dedicated to the latest scientific
achievements in efficient production of metals, purposing a sustainable resource use. Research centers
from three continents present in 25 research papers and two review papers the results of their work in
recent years on this topic.

These also include primary raw materials directly, waste from past mining and processing
operations, metallurgical slags and end-of-life products such as Waste Electric and Electronic Equipment
(WEEE) or batteries. Depending on the country situation, the implementation of new processes or
the use of new substances in existing plants requires adapted technologies, in particular to create or
maintain jobs in less industrialized regions, thus ensuring social peace.

2. Contributions

The idea of circular economy is the point of origin for contributions, aiming on the recirculation
of metal-rich waste streams—such as WEEE, multi-metal alloys and composite materials—back into
metal production. This topic goes along with pursuing the holistic use of input materials, resulting in
the avoidance of waste by-products. In order to minimize material losses and energy consumption,
this issue explores concepts for the optimization concerning the interface between mechanical and
thermal pre-treatment and metallurgical processes. Furthermore, the direct re-use of complex alloys
and composite materials without splitting them up into their single constituents is taken into account.

Papers in this issue are also engaged with the question of how the properties of indispensable
advanced materials and alloys can be preserved by a more responsible input or even avoidance of

Metals 2019, 9, 769; doi:10.3390/met9070769 www.mdpi.com/journal/metals1
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particular constituents. In this regard, new approaches in material design, structural engineering and
substitution are provided.

Considering both principal aspects—circular economy and material design—the recovery and the
use of minor metals play an essential role, since their importance for technological applications often
goes along with a lack of supply on the world market. Additionally, their ignoble character, as well as
their low concentration in recycling materials cause a low recycling rate of these metals, awarding
them the status of “critical metals”. The research of this increasingly important material group will be
discussed in this Special Issue in seven research papers [1–7].

Also classified as critical metals but included in a separate category is the group of Rare Earth
Elements (REE). Recovery of these elements and thus securing of supply of raw materials independently
of non-European market is still the focus of research today. Four papers deal with the recovery of
REE [8–11].

Base and precious metals will be more and more in the focus of future research, as primary
deposits will become poorer and more complex and thus winning is not that easy. Consumer and
production wastes show excellent recovery opportunities for this group of metals. That is why eleven
papers deal with the recovery of base metals [12–22] and one of precious metals [23].

Also, the recycling from complex systems like WEEE or batteries is in focus in this Special Issue.
In these systems selective extraction of several metals in one step is not feasible or even goal of research.
Numerous groups of metals are extracted simultaneously and treated in further steps to be separated
optimally from multicomponent systems. For this reason, four papers show an overlap over multiple
metal groups, base, precious and critical metals [24–27].

Conflicts of Interest: The author declare no conflict of interest.
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Abstract: The present study focuses on the pyrolysis of discarded smartphone displays in order
to investigate if a halogenation and volatilization of indium is possible without a supplementary
halogenation agent. After the conduction of several pyrolysis experiments it was found that the
indium evaporation is highly temperature-dependent. At temperatures of 750 ◦C or higher the
indium concentration in the pyrolysis residue was pushed below the detection limit of 20 ppm, which
proved that a complete indium volatilization by using only the halides originating from the plastic
fraction of the displays is possible. A continuous analysis of the pyrolysis gas via FTIR showed
that the amounts of HBr, HCl and CO increase strongly at elevated temperatures. The subsequent
thermodynamic consideration by means of FactSage confirmed the synergetic effect of CO on the
halogenation of indium oxide. Furthermore, HBr is predicted to be a stronger halogenation agent
compared to HCl.

Keywords: pyrolysis; smartphone; displays; halogenation; indium; volatilization; thermodynamics;
recycling

1. Introduction

During the last decade, the role of waste electric and electronic equipment (WEEE) as a feedstock
has become increasingly important for European metal refineries. Both its significant domestic supply
and its high metal content compared to primary resources have made it an attractive raw material for
the recovery of valuable metals—especially copper and precious metals (Au, Ag). Moreover, WEEE
contains a broad variety of several other metals, ranging from base metals (Fe, Zn, Sn, Al, Pb) to special
metals (Ga, Ge, In, Ta, rare earth elements), whereby the content and the actual occurrence of the
individual metals depend on the particular kind of WEEE. The metal content of a smartphone, for
instance, differs strongly from that of a washing machine, resulting in a high heterogeneity of the total
WEEE stream. Following the example of the smartphone, which represents a contemporary, widely
distributed type of electronic consumer product, it can be stated that this kind of device exhibits a
high complexity—not only in terms of various metals, but also regarding other sorts of materials,
like glass, ceramics and plastics. This complexity makes holistic recycling and metal recovery a big
challenge. Currently, WEEE with a high content of copper and precious metals is introduced into
the pyrometallurgical copper route which is able to handle larger amounts of feedstock. However,

Metals 2018, 8, 1040; doi:10.3390/met8121040 www.mdpi.com/journal/metals5
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the chance of an easy recovery of precious metals is hindered by the high diversity of additional
materials and elements, which leads to an increased input of impurities into the copper phase and
requires an extensive slag design during the smelting process. Simultaneously, less noble trace metals,
such as indium, tantalum and gallium, are lost in the slag and cannot be recovered [1,2]. From the
environmental point of view, the processing of WEEE in copper smelters makes high demands of the
off-gas treatment because the combustion of adhering plastics releases harmful substances such as
dioxins and halides. The regard of all these aspects induces the consideration of appropriate techniques
that can be applied prior to the smelting process in order to remove unwanted substances or separate
particular elements which cannot be recovered in the smelter. Existing mechanical dissembling and
sorting processes reach their limit when they are faced with composite materials and miniaturized
components, i.e., smartphones and printed circuit boards. At this time, a thermal pretreatment of the
electronic scrap via pyrolysis is a promising way to overcome these barriers. In this context, the work
of Diaz et al. [3] shows that the pyrolysis of adhering plastics has several benefits:

• breakup of plastic-metal composites, so that a mechanical separation of a concentrated metal
fraction is possible;

• removal of harmful organic substances and corrosive halides;
• production of a high-caloric pyrolysis gas that can be used as fuel or reduction agent.

Additional to these aspects, the process of pyrolysis enables not only the volatilization of
hydrocarbons and halides, but also specific metals because of their affinity to form volatile metal
halides. Thus, this work focusses on the case of indium in terms of a complete indium separation
during the pyrolysis of indium-containing WEEE.

1.1. ITO Displays

As soon as electronic devices equipped with a flat panel display are discarded, indium is
introduced into the stream of WEEE. Incorporated into the structure of indium tin oxide (ITO),
indium is an indispensable compound to realize the functionality of different types of flat displays
which are used for televisions, PCs, tablets and smartphones [4]. In 2017, the European Commission
confirmed indium’s status as critical because of its insecure import reliance and a recycling rate of
0% [5]. Regarding the latter, and keeping in mind that there is a domestic indium supply by way
of discarded flat panel displays, an uncomplicated and cost-efficient way to include a pyrolytical
indium separation step into the pyrometallurgical recycling route for WEEE by keeping all the other
mentioned benefits of pyrolysis should be considered.

The most widespread technology for flat panel displays in electronic consumer products
(i.e., televisions) is LCD technology (liquid crystal display). However, with respect to other more
modern devices such as smartphones, OLED technology (organic light emitting diode) is becoming
more established as a standard. In both cases, the displays are composed of several glass and polymer
layers: lid (glass), polarizer film (polymer), active layer (LCD or OLED), ITO film (glass or polymer
substrate), thin film transistors (glass substrate) and optical layers (polymer) [6]. A visualization of
this sandwich construction is shown in Figure 1. The exact number and combination of layers depend
on the technology, as well as the manufacturer, and will not be examined further. Nevertheless, the
organic polymer films, and especially the brominated flame retardants (BFR) enclosed in the polymer
structure, play a fundamental role for this work, which is why their chemical composition is taken
into account. Due to their high transparency and their good mechanical and electrical properties,
polyethylene terephthalate (PET), polycarbonate (PC), polyethylene naphthalate (PEN) and polymethyl
methacrylate (PMMA) are appropriate materials to be used in flat displays [7,8]. For the polarizer film,
a polymer based on cellulose triacetate (CTA), is state of the art [9]. With regard to PC, PET and PEN,
it has been reported that their structure allows the application of BFR [10]. Coming back to the idea of
the pyrolytic pretreatment of WEEE, the question of using bromine, originating from the BFR, as a
halogenation agent for the formation of volatile indium bromide remains.
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Figure 1. Sandwich construction of a liquid crystal display (LCD) [9].

1.2. Halogenation of Metals

Generally, there are several types of halogenation reactions, depending on the number and nature
of reactants in the system. Nonetheless, all have the transformation of a metal oxide to a metal halide
in common, which can be seen in the following equations, where the chlorination of a bivalent metal
oxide is carried out [11]:

MeO + Cl2 ⇐⇒ MeCl2 +
1
2

O2 (1)

MeO + C + Cl2 ⇐⇒ MeCl2 + CO (2)

MeO + 2HCl ⇐⇒ 2MeCl2 + H2O (3)

As can be seen from Equations (1)–(3), both the use of pure chlorine (halogenation) or gaseous
HCl (hydrohalogenation) is possible. Furthermore, chlorine can be replaced by bromine without
changing the stoichiometry of the reaction agents, however, it has to be taken into account that the
thermodynamics of the reactions are slightly different. As it will be explained later, the halogenation
reactions are strongly affected by temperature and other gas components occurring in the system. In
this context, the formation of so-called subhalides plays an important role.

1.3. Current Research on Indium Volatilization from Displays through Chlorination

So far, there have been several scientific works on the halogenation and volatilization of indium
from flat screens. All of these were conducted by using HCl as the halogenation agent. Ma et al. [12]
examined the vacuum chlorination of LCD glass powder, whereby HCl was generated by the thermal
decomposition of NH4Cl, which was blended with the glass powder. Prior to the chlorination process,
the polymers from the displays were removed via a pyrolysis step. The results of the chlorination
showed that the indium recovery increased with the applied temperature due to the higher vapor
pressure of InCl3. As a second significant influencing factor, a smaller particle size of the LCD powder
was identified to increase the indium recovery.

Similar investigations were carried out by Terakado et al. [13], who also used NH4Cl and
concluded that high temperatures support the chlorination/volatilization. For this work, the input
material was synthesized by covering soda glass with ITO, so that no polymers were involved. The
temperature was adjusted between 400 and 800 ◦C under normal pressure. Additionally, Terakado et
al. found that the addition of small amounts of carbon powder had a beneficial effect on the indium
recovery. In contrast to Ma et al., a longer milling time of the glass and thus a smaller particle size
lowered the rate of indium recovery.

Another concept of HCl generation for the chlorination was followed by Kameda et al. [14], who
used the products of the thermal decomposition of polyvinyl chloride (PVC) to create a HCl-rich
atmosphere. The experiments of Kameda et al. were conducted under air as well as under an
inert nitrogen atmosphere, resulting in a higher indium volatilization when nitrogen was applied.
Furthermore, the In recovery from pure In2O3 was lower than using LCD powder as input material.

Similar to Me et al., Takahashi et al. [15] removed the polymer fraction from the milled LCD
displays via incineration. Afterwards, the LCD powder was moistened with aqueous HCl and dried
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so that water was removed and HCl remained in the solid material. The thermal process was executed
between 400 and 700 ◦C. Like the previous research, high temperatures and a nitrogen-rich atmosphere
promoted the formation and evaporation of InCl3.

1.4. Motivation and Innovative Approach of this Work

In each of the papers presented above, a supplementary chlorination agent was used without
consideration of the polymer fraction from the LCD displays. However, this polymer fraction probably
contains BFR, which can influence the whole process and act as a halogenation agent in situ unless
the polymers are not removed. In one of our preceding papers, we investigated the temperature
dependence of the gaseous and solid pyrolysis products during the thermal decomposition of printed
circuit boards (PCB) [16]. It was found that elevated temperatures and a high heating rate have a
considerable influence on the decomposition mechanism of the organics and thus on the composition of
the pyrolysis gas. One important aspect was the formation of HBr at 700 ◦C during the decomposition
of BFR in the epoxy resin. Hence, it is expected that this HBr generation will also occur during the
pyrolysis of LCDs.

Therefore, this work focuses on the possibility of an in situ halogenation of indium oxide by HBr.
A special point of interest is the influence of other gaseous pyrolysis products on the halogenation
reaction. At this point, carbon monoxide (CO) is a matter of particular interest because its formation
increases with higher temperatures. According to Peek [11] and Grabda et al. [17], the presence of CO
has a synergetic effect on the thermodynamics of the halogenation reaction.

2. Materials and Methods

2.1. Materials

The input materials for the experimental work were displays from 20 discarded smartphones of
different brands. First, the devices were dismantled manually so that the multi-layer displays, having
an overall mass of 458 g, could be removed. To obtain a bulk material with a homogenous chemical
composition, the displays were processed in a Fritsch Pulverisette 25/19 cutting mill, which resulted
in a maximum particle size of 4 mm. The final comminution was completed via cryogenic grinding in
a SPEX 6870D Freezer/Mill. Concerning the chemical analysis, the concentrations of most elements
were measured by means of an ICP–OES (Perkin Elmer Optima 8300, Waltham, MA, USA), whereas Br
and Cl were analyzed via RFA (PANalytical Axios, Malvern Panalytical, Almelo, The Netherlands).
The total carbon (TC) was measured in a LECO R612 (LECO, St. Joseph, CT, USA) multiphase carbon
determinator. Table 1 contains the results of the elemental analysis. Concerning the results for bromine
and chlorine, a certain discrepancy has to be accepted because no appropriate standard material is
available to fulfil an appropriate calibration and thus a precise analysis.

Due to the high share of polymer films, the comminuted product was not a flowable powder but
a dense, rubbery fluff. In order to ensure smooth feeding, the material was compressed to pellets with
a diameter of 6 mm and a length of 20 mm. For the second test series, pure ammonium chloride was
mixed with the display fluff, adjusting to a ratio of 1:100, which means that 10 g display fluff was
mixed with 0.1 g NH4Cl.
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Table 1. Chemical analysis of milled smartphone displays.

Element conc./ppm conc./wt.-% Method

In 130 0.013 ICP–OES
Sn 470 0.047 ICP–OES
Ba 2000 0.2 ICP–OES
Ca 18,200 1.82 ICP–OES
K 5500 0.55 ICP–OES

Mg 11,800 1.18 ICP–OES
Na 35,500 3.55 ICP–OES
Sr 1400 0.14 ICP–OES
Al 41,100 4.11 ICP–OES
Si 17,400 17.4 ICP–OES
Br 50 0.005 RFA
Cl 100 0.010 RFA
C 231,000 23.100 TC

2.2. Experimental Setup and Procedure

The pyrolysis experiments were performed in a closed 1.5 L stainless steel reactor, which was
placed in an electric resistance furnace, as can be seen in Figure 2. To prepare for the insertion of
further equipment (thermocouple, charging tube and probe head for the off-gas analyzer) the lid
was equipped with four gastight lead-throughs. Additionally, the lid was water-cooled to avoid any
damage of the rubber seals by thermal impact.

 

Figure 2. Schematic figure (left) and photo (right) of the experimental setup.

For the temperature measurement, a type K thermocouple was chosen. In order to maintain an
oxygen-free atmosphere, the reactor was purged with a constant argon stream of 3 L/min. The test
runs were conducted at various temperatures between 300 and 800 ◦C, raising the temperature in steps
of 50 ◦C with each trial. After heating the reactor up to the desired temperature, 10 g of display pellets
were charged into the hot reactor using a densely sintered alumina pipe and a funnel. On the bottom of
the reactor, an alumina crucible was placed to collect the pellets. Subsequent to feeding, the pipe and
the funnel were removed and the lead-through was closed with a steel plug to avoid any leakage of
pyrolysis gas. For each temperature step, the above outlined procedure was repeated twice. Following
the pyrolysis, it was necessary to let the reactor cool down slowly, before the solid residue could be
removed from the crucible and homogenized in a ball mill. Finally, the concentrations of indium
and tin were measured via ICP–OES. One separate series of trials was performed to measure the
composition of the pyrolysis gas at 300, 500 and 700 ◦C. For this purpose, a gas pump, manufactured
by Ansyco, was used to extract an off-gas volume of 2.0 L/min from the reactor. Downstream from
the pump, the gas flew through a Gasmet DX4000 FTIR (Gasmet Technologies Oy, Helsinki, Finland)
(Fourier transform infrared) gas analyzer which allowed the continuous detection and quantification
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of various compounds in the pyrolysis gas. Compounds of special interest were HBr, HCl and CO.
The overrun gas flow was released from the reactor through a bypass.

3. Results and Discussion

In contrast to earlier studies on the pyrolytic volatilization of indium, the experimental setup
used in this work did not allow the characterization of volatilized indium compounds. The water
cooling of the lid resulted in the condensation of pyrolysis oil on its underside. Hence, in any case of
indium halide vaporization, indium must occur in the condensed oil. However, there currently exists
no successful procedure for an elemental analysis of the oil. Regarding a structural analysis of the
solid pyrolysis residue via XRD, no satisfying results were obtained due to the high amount of carbon
and glass, as well as the low content of indium compounds, in the powder. Therefore, the following
results refer to the elemental analysis of the solid residue (via ICP–OES) and the off-gas analysis.

3.1. Mass Loss and Volatilization of ITO

The mass loss of the pyrolyzed materials can be seen in Figure 3. Apart from slight discrepancies
at the beginning and the end, both graphs show an almost identical trend, reaching their maximum at
650 ◦C (35% for pure display powder) and 800 ◦C (39% for NH4Cl-addition).
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Figure 3. Mass loss during the pyrolysis of ground smartphone displays.

Figure 4 shows the concentration of indium and tin in the solid residue at several pyrolysis
temperatures. The first value on the abscissa, which is labelled “NP”, represents the indium content of
the non-pyrolyzed material. It should also be taken into account that the detection limit of indium in
the ICP–OES was 20 ppm. In the case of five samples (between 700 and 800 ◦C), the analysis resulted
in indium concentrations below this limit. To illustrate these points in the diagram, the values were set
to zero but it must be assumed that the actual indium concentrations are located somewhere between
0 and 19 ppm. Apart from that aspect, it can be seen clearly that the processing temperature has a
strong influence on the volatilization of indium from the material whether or not NH4Cl was added
as a supportive chlorination agent. Looking at both graphs, no decrease of indium in the material
can be observed up to 350 ◦C. After the application of higher temperatures, an increasing amount of
indium left the material. The increase before can be due to the mass loss referring to the pyrolysis
of polymers. Both graphs exhibit a similar course, where the graph showing the experiments with
NH4Cl addition keeps an average distance of 57 ppm below the graph without any additive. Therefore,
the detection limit of 20 ppm was already reached at 700 ◦C, whereas the samples without NH4Cl
had to be processed at least at 750 ◦C to bring the indium content to the same level. Obviously, a
complete volatilization of indium without any extra halide-providing substance is possible and it

10



Metals 2018, 8, 1040

follows that there must be sufficient halides in the polymer fraction of the displays. According to
Figure 4, a significant indium vaporization starts between 350 and 400 ◦C because the enrichment of
indium by the act of pyrolysis of polymers is balanced.
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Figure 4. Concentration of In and Sn in the solid residue at different pyrolysis temperatures.

Concerning the analysis results of tin, the graphs in the second diagram of Figure 3 show an
unsteady performance which is contrary to the results of indium. All in all, tin tends to be enriched
in the material and no volatilization seems to happen. Comparing the tin concentration of the
non-pyrolyzed material and the residue from the 800-◦C trial, there is an increase of more than 90%,
which is consistent with the mass loss of 35% (pure display powder) and 39% (NH4Cl-addition) as can
be obtained from Figure 2.

3.2. Off-Gas Analysis

The results of the off-gas analysis for CO, HBr and HCl during the pyrolysis of display powder
at 300, 500 and 700 ◦C are depicted in Figure 5. While the off gas contained numerous other gaseous
species—especially organic substances—for this work, the three named compounds appear to be the
most important ones. The concentrations of each component are normalized to one gram of charged
material. By comparing the three diagrams, the changing scale of both axes has to be respected.
Basically, the course of the curves resembles the results from our previous work where printed circuit
boards were pyrolyzed (Diaz et al. [2]). At 300 ◦C, little gas formation could be measured, at which
no detection of HCl and HBr happened. The oscillating CO concentration around 8 ppm proves that
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there is a slow thermal decomposition which lasts for at least 50 min. With increasing the temperature
to 500 ◦C and 700 ◦C, the amount of all gas components rose rapidly, particularly in the case of CO.
Different to Diaz et al., a significant release of HBr was already observed at 500 ◦C but did not increase
at 700 ◦C. This is different for HCl, which exhibits a strong increase from 500 ◦C to 700 ◦C. Concerning
this temperature increase, the period from the first time of gas evolution to the last point of significant
concentrations was reduced to a third. However, the graphs for HBr reveal some challenges regarding
its detection in the gas phase. It must be kept in mind that the detection of HBr using FTIR is possible
but is strongly affected by the sampling. From practice it is known that HBr tends to adhere to the
inside surface of the sampling equipment so that the molecules reach the FTIR detector with a certain
delay. Thus, its concentration–time record, as it is shown in Figure 5, is drawn-out as against the
records for CO and HCl. It was also observed that the concentration of HBr continued to oscillate
between 0 and 2 ppm although the formation of all other compounds, and therefore the pyrolysis itself,
were finished.
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Despite the limited HBr measurement, it can be stated that higher pyrolysis temperatures favor
the formation of CO, HBr and HCl. On the one hand, this aspect confirms the results of the indium
decline with increasing temperature (see Figure 4), but on the other hand, it is not known yet which
compound—HBr or HCl—acted as the major halogenation agent. Although the pyrolysis reaction at
700 ◦C is three times faster compared to 500 ◦C, there seems to be no limitation in terms of kinetics of
the volatilization. In other words, the halogenation reaction and evaporation are fast enough and do
not require residence times of HBr/HCl and CO longer than 100 s.

3.3. Thermochemical Modelling

For a more detailed investigation on the halogenation reactions occurring during the pyrolysis of
powdered smartphone displays, several thermochemical calculations were executed using the software
FactSageTM 7.0 [18], which is provided by GTT Technologies. The background of these calculations are
considerations of Ma et al. [3] concerning the formation of indium sub chlorides, which may depend
on the presence of a reducing agent.

All calculations in FactSageTM were done by assuming ideal conditions, which means that there
are no molecular interactions in the gas phase. The required thermodynamic data was received
from the SGPS database for pure substances. As a result, two series of Gibbs free energy lines were
obtained: one series for the hydrobromination and the other for the hydrochlorination of one mole
In2O3 (see Figure 6). In fact, a calculation involving ITO would represent the real system rather than
only In2O3. However, the available data bases of FactSageTM do not provide any data for ITO so a
compromise had to be made.
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Figure 6. Gibbs free energy for hydrobromination (left) and hydrochlorination (right) of indium oxide.

All the graphs exhibit kinks at 100 ◦C, which indicates a phase change due to the evaporation of
water at this temperature. Inflection points at higher temperatures represent the formation of halides
in the gaseous state. In the cases of InCl and InBr, the melting point at 210 and 285 ◦C can be observed.
Comparing the curves of the reactions, there is only a small difference between HBr and HCl, leading
to the conclusion that HBr might be a slightly better halogenation agent due to the lower Gibbs free
energy. As temperature increases, there are only three halogenation reactions, which become more
favorable from the thermochemical point of view—as long as CO is added to the system in order to act
as a reducing agent. Thus, if temperatures above 400 ◦C and sufficient CO is present, the generation of
indium in the form of InBr and InCl seems to be the predominant mechanism. However, at 750 ◦C
the formation of InBr3 and In2Br6 is predicted to be also possible. As seen in Figure 3, 750 ◦C is
the temperature where a complete volatilization of indium from the display powder without any
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additional NH4Cl was achieved. The different courses of the solid grey lines, which represent the
formation of InBr2 and InCl2, create doubt that the quality of the thermodynamic data is appropriate
to reach a conclusion regarding the temperature-dependent formation of these particular compounds.

As a further step, the temperature dependence of the evaporation of the formed halides from
Figure 6 will be investigated, because all halides can occur in different aggregate states and the success
of the practical work is based on their evaporation. Therefore, the logarithmic vapor pressure lines of
the different gaseous indium bromides and chlorides are shown in Figure 7.
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Figure 7. Vapor pressure curves of pure indium bromides (left) and indium chlorides (right).

If the curves are compared to the Gibbs free energy lines (see Figure 6), it becomes clear that there
is a competition between the Gibbs free energy and the vapor pressures of the single components,
which means that a halogenation reaction with a low Gibbs free energy forms a halide with a low
vapor pressure (except InBr2 and InCl2). Therefore, the process of evaporation is another barrier which
is strongly influenced by temperature. Assuming that mostly InBr is generated (according to Figure 6)
it still requires sufficiently high temperatures to bring it to the gas phase.

To complete the contemplation of thermodynamics, we will have a closer look at some equilibrium
calculations—especially with respect to the amount of supplied CO and the resulting proportion of
the gaseous indium halides. In other words, the results from Figures 6 and 7 are combined in one
diagram. For this purpose, a system was defined consisting of 1 mole of In2O3 and an excess amount
of 6 moles each of HBr and HCl. The quantity of CO was varied from 0 to 5 moles in steps of 0.1 mole
and the whole procedure was executed for 700 ◦C and 800 ◦C. Finally, Figure 8 illustrates the resulting
data from the equilibrium calculations. Also, here attention must be paid to the different scale of the
axes. Due to the great difference in their amount, bromides and chlorides are shown in two different
diagrams, although they exist in the same system.

As already predicted by the Gibbs free enthalpy lines in Figure 6, the occurrence of indium
chlorides in the gas phase is inhibited by the preferred formation of indium bromide and for all
amounts of CO, both In2Br6 and In2Cl6 play only a minor role. In contrast, the proportion of InBr/InBr3

shifts to higher values as the supply of CO increases. Raising the temperature from 700 ◦C (broken lines)
to 800 ◦C (solid lines) intensifies this effect. This fact can be also observed concerning the formation of
chlorides, but in a much lower scale as was previously mentioned. Again, it is theoretically proven
that a CO-rich (reducing) atmosphere supports the formation of gaseous subhalides as well as the
halogenation process. Referring to the results from the off-gas measurement (see Figure 5), a preferred
formation of InBr seems to be the most probable mechanism at 700 ◦C because there is an enormous
excess of CO compared to HBr and HCl.
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Figure 8. Proportion of formed indium halides by HBr (left) and HCl (right) depending on the amount
of CO.

4. Conclusions

The aim of this work was to assess whether it is possible to volatilize indium from the display
material of discarded smartphones without using an additional halogenation agent. This requirement
was accomplished at a minimum processing temperature of 750 ◦C. At this temperature, significant
amounts of HBr/HCl and CO were released from the plastic fraction to react with indium oxide.
The theoretical study on thermodynamics confirmed the idea of a synergetic effect of CO on the
halogenation at which In tends to be evaporated in the form of InBr/InCl rather than InBr3/InCl3 at
low CO concentrations. Compared to HCl, HBr is slightly preferred in order to act as a halogenation
agent from the thermochemical point of view. Due to the successful decrease of indium and the
recorded concentrations of HCl and HBr in the off gas it can be concluded that the amount of halide in
the displays’ plastics is sufficient for a complete indium halogenation so that no additive is required.
Of course, the indium volatilization can also be realized at lower temperatures by adding an excess
of NH4Cl, as was demonstrated in other papers [12–15], as well as in this work. However, both
thermochemical calculations and experiments have shown that even though a successful halogenation
would have happened, at least 700 ◦C is necessary to achieve a complete evaporation of the indium
halides from the display material. As a final result, it can be stated that the success of a complete indium
volatilization during pyrolysis depends on a chain of several mechanisms which are all promoted by
high temperatures:

• thermal decomposition of plastics and the supply of sufficient HBr/HCl and CO;
• halogenation of indium oxide and the formation of (sub) halides depending on temperature and

supply of CO;
• evaporation of formed (sub) halides.

Although no product material was collected, the process appears to be selective because the
concentration of tin in the pyrolysis residue increased (due to of the mass loss of the material) which
means that tin was not volatilized significantly. In this paper, the basic idea is to include the process
of indium volatilization into a current recycling concept for WEEE with as little effort as possible.
The main requirement for this, indeed, is the application of a pyrolysis step in the WEEE processing
route which provides several other—probably more substantial—advantages [3,16]. Based on this fact,
however, a simultaneous indium separation would be a great feature.

Author Contributions: B.F. (Benedikt Flerus) and T.S. conceived and designed the experiments; T.S. performed
the experiments; B.F. (Benedikt Flerus) analyzed the data and wrote the paper with contributions of K.B.; R.S. and
B.F. (Bernd Friedrich) supervised the work and contributed reagents, materials and analysis tools.

Conflicts of Interest: The authors declare no conflict of interest.

15



Metals 2018, 8, 1040

References

1. Forsén, O.; Aromaa, J.; Lundström, M. Primary Copper Smelter and Refinery as a Recycling Plant—A System
Integrated Approach to Estimate Secondary Raw Material Tolerance. Recycling 2017, 2, 19. [CrossRef]

2. Lennartsson, A.; Engström, F.; Samuelsson, C.; Björkman, B.; Pettersson, J. Large-Scale WEEE Recycling
Integrated in an Ore-Based Cu-Extraction System. J. Sustain. Metall. 2018, 4, 222–232. [CrossRef]

3. Diaz, F.; Florez, S.; Friedrich, B. High recovery recycling route of WEEE: The potential of pyrolysis.
In Proceedings of the EMC European Metallurgical Conference, Düsseldorf, Germany, 14–17 June 2015;
GDMB Verlag GmbH: Clausthal-Zellerfeld, Germany, 2015.

4. USGS National Minerals Information Center INDIUM. Mineral Commodity Summaries; U.S. Geological Survey:
Reston, VA, USA, 2012.

5. European Commission. The 2017 List of Critical Raw Materials for the EU; European Commission: Brussels,
Belgium, 2017.

6. Guenther, B.D.; Steel, D. Encyclopedia of Modern Optics, 2nd ed.; Elsevier Science & Technology: San Diego,
CA, USA, 2018.

7. Aleksandrova, M. Specifics and Challenges to Flexible Organic Light-Emitting Devices. Adv. Mater. Sci. Eng. 2016.
[CrossRef]

8. Salhofer, S.; Spitzbart, M.; Maurer, K. Recycling of LCD Screens in Europe—State of the Art and Challenges.
In Proceedings of the 18th CIRP International Conference on Life Cycle Engineering, Braunschweig, Germany,
2–4 May 2011. [CrossRef]

9. Ueberschaar, M.; Schlummer, M.; Jalalpoor, D.; Kaup, N.; Rotter, V. Potential and Recycling Strategies for
LCD Panels from WEEE. Recycl. Metals 2017, 2, 7. [CrossRef]

10. Lassen, C.; Astrup Jensen, A.; Crookes, M.; Christensen, F.; Nyander Jeppesen, C.; Clausen, N.J.A.J.;
Mikkelsen, S.H.M. Survey of Brominated Flame Retardants; The Danish Environmental Protection Agency:
Copenhagen, Denmark, 2014.

11. Peek, E.M.L. Chloride Pyrohydrolysis. Lixiviant Regeneration and Metal Separation. Ph.D. Thesis, Techn.
Univ., Delft, The Netherlands, 1996.

12. Ma, E.; Lu, R.; Xu, Z. An efficient rough vacuum-chlorinated separation method for the recovery of indium
from waste liquid crystal display panels. Green Chem. 2012, 14, 3395. [CrossRef]

13. Terakado, O.; Iwaki, D.; Murayama, K.; Hirasawa, M. Indium Recovery from Indium Tin Oxide, ITO, Thin
Film Deposited on Glass Plate by Chlorination Treatment with Ammonium Chloride. Mater. Trans. 2011, 52,
1655–1660. [CrossRef]

14. Kameda, T.; Park, K.-S.; Sato, W.; Grause, G.; Yoshioka, T. Recovery of indium from In2O3 and liquid crystal
display powder via a chloride volatilization process using polyvinyl chloride. Thermochim. Acta 2009, 493,
105–108. [CrossRef]

15. Takahashi, K.; Sasaki, A.; Dodbiba, G.; Sadaki, J.; Sato, N.; Fujita, T. Recovering Indium from the Liquid
Crystal Display of Discarded Cellular Phones by Means of Chloride-Induced Vaporization at Relatively Low
Temperature. Metall. Mater. Trans. A 2009, 40, 891–900. [CrossRef]

16. Diaz, F.; Flerus, B.; Nagraj, S.; Bokelmann, K.; Stauber, R.; Friedrich, B. Comparative Analysis About
Degradation Mechanisms of Printed Circuit Boards (PCBs) in Slow and Fast Pyrolysis: The Influence of
Heating Speed. J. Sustain. Metall. 2018, 4, 205–221. [CrossRef]

17. Grabda, M.; Oleszek, S.; Shibata, E.; Nakamura, T. Distribution of inorganic bromine and metals during
co-combustion of polycarbonate (BrPC) and high-impact polystyrene (BrHIPS) wastes containing brominated
flame retardants (BFRs) with metallurgical dust. J. Mater. Cycles Waste Manag. 2018, 20, 201–213. [CrossRef]

18. Bale, C.W.; Bélisle, E.; Chartrand, P.; Decterov, S.A.; Eriksson, G.; Gheribi, A.E.; Hack, K.; Jung, I.H.; Kang, Y.B.;
Melançon, J.; et al. FactSage Thermochemical Software and Databases -2010–2016. Calphad 2016, 54, 35–53.
[CrossRef]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

16



metals

Article

Scandium and Titanium Recovery from Bauxite
Residue by Direct Leaching with a Brønsted Acidic
Ionic Liquid

Chiara Bonomi 1,*, Alexandra Alexandri 1, Johannes Vind 1,2, Angeliki Panagiotopoulou 3,4,

Petros Tsakiridis 1 and Dimitrios Panias 1,*

1 School of Mining and Metallurgical Engineering, National Technical University of Athens,
Iroon Polytechniou 9, Zografou Campus, 15780 Athens, Greece; aalexandri@metal.ntua.gr (A.A.);
jvind@metal.ntua.gr (J.V.); ptsakiri@central.ntua.gr (P.T.)

2 Department of Continuous Improvement and System Management, Aluminium of Greece Plant,
Metallurgy Business Unit, Mytilineos S.A., Agios Nikolaos, 32003 Viotia, Greece

3 Institute of Biosciences & Applications, National Centre for Scientific Research “Demokritos”,
Patr. Gregoriou E & 27 Neapoleos Str, Agia Paraskevi, 15310 Athens, Greece; apanagio@bio.demokritos.gr

4 Institute of Biosciences & Applications, National Centre for Scientific Research “Demokritos”, Neapoleos 10,
Agia Paraskevi, 15310 Athens, Greece

* Correspondence: bonomich@metal.ntua.gr (C.B.); panias@metal.ntua.gr (D.P.);
Tel.: +30-210-7724054 (C.B. & D.P.)

Received: 20 September 2018; Accepted: 15 October 2018; Published: 17 October 2018

Abstract: In this study, bauxite residue was directly leached using the Brønsted acidic ionic liquid
1-ethyl-3-methylimidazolium hydrogensulfate. Stirring rate, retention time, temperature, and pulp
density have been studied in detail as the parameters that affect the leaching process. Their optimized
combination has shown high recovery yields of Sc, nearly 80%, and Ti (90%), almost total dissolution
of Fe, while Al and Na were partially extracted in the range of 30–40%. Si and rare earth element
(REEs) dissolutions were found to be negligible, whereas Ca was dissolved and reprecipitated as
CaSO4. The solid residue after leaching was fully characterized, providing explanations for the
destiny of REEs that remain undissolved during the leaching process. The solid residue produced
after dissolution can be further treated to extract REEs, while the leachate can be subjected to metal
recovery processes (i.e., liquid–liquid extraction) to extract metals and regenerate ionic liquid.

Keywords: bauxite residue; red mud; ionic liquids; scandium recovery; titanium recovery

1. Introduction

Bauxite residue (BR), also known as red mud, is the major byproduct of the Bayer process for
alumina production, produced by the alkali leaching of bauxite. On average, for each metric ton
of alumina, 1–1.5 metric tons of BR are generated [1,2], which leads to a global production of over
150 million metric tons per year [1,3].

BR composition can differ depending on the type of bauxite ore from which alumina are produced
and Bayer processing techniques [4,5]. During the Bayer process, valuable base and trace elements like
iron (Fe), some aluminum (Al), titanium (Ti), and rare earth elements (REEs) remain in the bauxite
residue. As a consequence, REEs are enriched with a factor of about 2 in BR comparing to the initial
ore [6,7]. Particularly interesting is the case of scandium (Sc), as its concentration in BR (in Greek BR
accounts to 130 ppm on average) is much higher than in the Earth’s crust (22 ppm on average [8]); that
means a notable enrichment of Sc in BR. Due to the high market price (Sc2O3—4600 US$/kg, 99.99%
purity, in 2017) [9], Sc may represent 95% of the economic value of rare earths in BR [10]. It has also
been listed as a critical raw material by the European Commission due to its high economic importance
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and supply risk [11]. In fact, Sc is mainly produced as a byproduct during the processing of various
ores, from titanium and REEs ores (China), uranium ore (Kazakhstan and Ukraine), and apatite ore
(Russia). It can also be recovered from previously processed tailings or residues [9,12,13]. For these
reasons, BR can be accounted as a secondary raw material source [14], and the recovery of Sc could
represent a high economic interest.

BR can also be considered a secondary source for Ti, which is a photocatalyst and it is applied in
the white pigment industry [15]. Since the availabilities and qualities of Ti ores are decreasing [16], it is
important to find methods for extracting Ti from secondary sources.

Many studies, patents, and pilot scale implementations have been carried out for Sc and Ti
recovery from BR, mainly by investigating hydrometallurgical or combined pyro-hydrometallurgical
processes [5,12,16–23], but none of them has reached an industrial scale. Nowadays, the impact of the
zero-waste valorization policy motivates the research community on finding innovative, greener, and
economical viable routes for metal extraction from complex polymetallic matrices, such as the bauxite
residue [24].

Ionometallurgical approach can be exploited as an alternative to conventional hydrometallurgical
processing. The term ionometallurgy indicates the use of ionic liquids (ILs) as solvents in metals
processing. ILs are liquid at room temperature and consist solely of ions; generally an organic cation
and inorganic/organic anion. ILs have superior properties against conventional organic solvents,
such as nonflammability, a wide electrochemical window, high thermal stability, negligible vapor
pressure, and low volatility [25]. For these reasons and thanks to the vast number of combinations of
the cation and the anion during synthesis, ILs have potential for many applications, such as solvent
extraction [26,27], catalytic reactions [28,29], and electrodeposition of metals [30,31]. In the past few
decades, ILs have been used also as lixiviants for metals dissolution [25,32–35]. Applying ionic liquid
leaching on secondary raw material resources eventually improves efficiency yields, reduce waste
effluent, and increases selectivity.

The aim of this work is to investigate the direct leaching of bauxite residue by using a Brønsted
acidic ionic liquid, achieving high Ti and Sc recovery yields. To optimize the process, several parameters
were studied. Moreover, solid residue after leaching was fully characterized and explanations of the
destiny of REEs were given.

2. Materials and Methods

Bauxite residue was provided by Aluminium of Greece (Mytilineos S.A.), dried at 100 ◦C
overnight, homogenized, and split in order to take a representative sample that was next crushed
and ground. The sample was then subjected to chemical, mineralogical and physical characterization.
Chemical composition was analyzed after complete dissolution of the sample via fusion method:
0.1 g of BR was mixed with 1.5 g of Li2B4O7 and 0.1 g of KNO3 and then fused at 1000 ◦C for 1 h,
followed by dissolution in HNO3 10% v/v. The main elements were identified by a Perkin Elmer 2100
Atomic Absorption Spectrometer (AAS) (Waltham, MA, USA), while minor elements were analyzed
by a Thermo Fisher ScientificTM X-series 2 Inductively Coupled Plasma Mass Spectrometer (ICP-MS)
(Waltham, MA, USA) and a Perkin Elmer Optima 8000 Inductively Coupled Plasma Atomic Emission
Spectrometer (ICP-OES) (Waltham, MA, USA). The calcium oxide content was measured in the solid
sample with a Spectro Xepos Energy Dispersive X-ray fluorescence spectroscopy (SPECTRO, Kleve,
Germany) (ED-XRF). Mineralogical characterization was performed with a Bruker D8 focus X-ray
powder diffractometer (XRD) (Bruker, Billerica, MA, USA) with nickel-filtered CuKa radiation, and
quantitative evaluation was done via profile fitting by using XDB Powder Diffraction Phase Analytical
System version 3.107 that targets specifically bauxite and bauxite residue [36,37]. Particle size analysis
was carried out by a Malvern Mastersizer TM Laser particle size analyzer (Malvern Instruments,
Malvern, UK).

The ionic liquid 1-ethyl-3-methylimidazolium hydrogensulfate ([Emim][HSO4]) was supplied by
Iolitec (Iolitec Ionic Liquids Technologies, Heilbronn, Germany) with >98% purity and characterized.
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Infrared measurements were conducted with a Perkin Elmer FTIR spectrum 100 (Waltham, MA, USA).
Viscosity analysis was performed with a Brookfield viscometer DV-I + LV supported by a Brookfield
Thermosel accessory (Brookfield Ametek, Harlow, UK). Nuclear Magnetic Resonance (NMR) spectra
were obtained in DMSO-d6 at 25 ◦C on a Bruker Avance DRX 500 MHz (Bruker Biospin, Germany)
(1H at 500.13 MHz and 13C at 125.77 MHz) equipped with a 5 mm multi nuclear broad band inverse
detection probe.

Batch leaching experiments were performed in a 50 mL Trallero and Schlee mini reactor (Trallero
and Schlee, Barcelona, Spain) combined with a mechanical stirrer, a vapor condenser, and a temperature
controller, by adding BR to the IL when the set temperature was reached. Vacuum filtration was
executed by cooling the system at 120 ◦C and adding a nonviscous/volatile solvent (dimethyl sulfoxide,
further denoted as DMSO) to the leachates, to decrease viscosity and ease the process. After filtration,
pregnant leaching solutions (PLS) were digested through acidic treatment (HNO3 65% v/v and aqua
regia) to oxidize and destroy the organics and then analyze with AAS, ICP-OES and ICP-MS. Solid
residues were characterized via fusion method (already described above) and XRD. Microstructural
characterization was carried out by a JEOL 6380 LV Scanning Electron Microscope (JEOL, Tokyo, Japan)
coupled with Energy Dispersive System (SEM-EDS) and a JEOL 2100 HR (JEOL, Tokyo, Japan) 200 kV
Transmission Electron Microscope (TEM) in order to detect and locate REEs.

3. Results and Discussion

3.1. Bauxite Residue Characterization

The main component of BR was found to be Fe2O3, accounting for 42.34 wt.%, followed by Al2O3

with 16.25 wt.%, while TiO2 was 4.27 wt.%, and total rare earth oxides (REO) assessed to 0.19 wt.%, as
it is shown in Table 1.

Table 1. Bauxite residue chemical analysis. Note: REO, rare earth oxides; LOI, loss of ignition.

Unit Fe2O3 Al2O3 SiO2 TiO2 CaO Na2O REO LOI Others Sum

wt.% 42.34 16.25 6.97 4.27 11.64 3.83 0.19 12.66 1.85 100.00

In particular, cerium (Ce) was found to be the main rare earth element in concentration
(402.2 mg/kg), followed by lanthanum (La) (145 mg/kg), scandium (Sc) (134 mg/kg), neodymium
(Nd) (127.1 mg/kg), and yttrium (Y) (112 mg/kg).

Identification and quantification of mineralogical phases (Table 2) denoted hematite as the main
mineral in BR with 30 wt.%, while Ti-containing phases were perovskite, anatase and rutile with 4.5,
0.5 and 0.5 wt.% respectively.

Table 2. Bauxite residue mineralogical phases and quantification.

Mineralogical Phase Formula wt.%

Hematite Fe2O3 30
Calcium aluminum iron silicate hydroxide Ca3AlFe(SiO4)(OH)8 17

Cancrinite Na6Ca2(AlSiO4)6(CO3)2 15
Diaspore α-AlOOH 9
Goethite Fe2O3·H2O 9

Perovskite CaTiO3 4.5
Chamosite (Fe2+,Mg)5Al(AlSi3O10)(OH)8 4

Calcite CaCO3 4
Boehmite γ-AlOOH 3
Gibbsite Al(OH)3 2

Rutile TiO2 0.5
Anatase TiO2 0.5

Sum 98.5
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From particle size distribution analysis, it was found that 50% of the particles were below 1.87 μm,
while 90% were smaller than 42.87 μm.

3.2. Ionic Liquid Characterization

1-ethyl-3-methylimidazolium hydrogensulfate ([Emim][HSO4]) is a Brønsted acidic ionic liquid
whose molecular weight is 208.24 g/mol and density (ρ) at room temperature is 1367.9 kg/m3. The
molecular structure of the IL is shown in Figure 1.

Figure 1. [Emim][HSO4] molecular structure.

Viscosity measurements (Figure 2) have revealed that even though [Emim][HSO4] is very viscous
at room temperature (1642 mPa·s), by increasing temperature its viscosity dramatically decreases,
reaching 221 mPa·s at 60 ◦C and 33 mPa·s at 120 ◦C.

Midinfrared spectrum have shown bands (cm−1) at 3452 (OH), 3151 (aromatic/imidazole CH),
3106 (imidazole ring), 2985 (CH), 2944 (CH), 2881 ((CH2)n–CH3), 2583–2497 (HOSO•••HOSO), 1636
(OH), 1572 (C=C, C=N, C–N), 1454 (CH3), 1431 (S=O2), 1389 (CH3), 1211 (S=O2), 1160 (S–O attached to
C2H5), 1089 (HSO4

−), 1023 (C–N–C), 960 (O–S–O), 832 (imidazole ring), 757 (CH of imidazole ring)
and 701 (C–H–C). 1H NMR (500 MHz, DMSO) δ (ppm): 1.36 (t, 3H, CH3), 3.85 (s, 3H, CH3), 4.19 (q,
2H, CH2), 7.71 (s, 1H, CH=CH), 7.78 (s, 1H, CH=CH), 9.19 (s, 1H, N–CH–N).
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Figure 2. Viscosity measurements of [Emim][HSO4] versus temperature.

Reaction Mechanism

To investigate the mechanism of the reaction that takes place, two monometallic solutions of
11 g/L of Sc and 11 g/L of Al were prepared, by dissolving Sc2O3 and Al2O3 in [Emim][HSO4].

The two monometallic solutions were then analyzed with 1H and 13C NMR. Assignment of
1H and 13C chemical shifts was based on the combined analyses of a series of 1H–1H and 1H–13C
correlation experiments recorded using standard pulse sequences from the Bruker library.
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From the results (Appendix A, Figures A1 and A2), it could be concluded that there is no
significant rearrangement in the carbon chain after the dissolution procedure in all three metal cases.

1H and 13C NMR spectra did not indicate any notable differences in the chemical shifts depending
on the leached metal. The similar chemical shifts for the protons and the carbons localized in between
the two nitrogen atoms indicate metal interaction through the anion of the IL.

There is not any steric effect of electron clouds changing of electrostatic interactions between
ionic charges.

The results obtained from NMR analysis of two monometallic leachates have led to the following
proposed reaction:

Me2On + n[Emim][HSO4] = Me2(SO4)n + nOH− + n[Emim]+ (1)

where Me is the metal and n is the oxidation state of the metal.

3.3. Leaching Process Optimization: Parameters Affecting the System

In order to optimize the process, stirring rate, retention time, temperature, and pulp density were
investigated. Each parameter was studied separately, keeping the others constant, and choosing the
combination that gave the best results. In each case, Ca and Si in leachates were below the detection
limit and Ce, Nd, Y and La recovery was lower than 1%.

3.3.1. Stirring Rate

Initially, experiments were carried out by examining four different stirring rates, 100, 200, 400 and
600 revolutions per minute (rpm), while keeping constant all the other parameters at 150 ◦C, 5% w/v
pulp density and 24 h. Results are given in Figure 3.
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Figure 3. Investigation of the stirring rate effect on metals dissolution by leaching BR with
[Emim][HSO4] at 150 ◦C, 5% w/v pulp density for 24 h.

At these conditions, it is possible to observe an increase of Fe, Ti, and Sc extraction when the
stirring rate increases from 100 to 200 rpm (from 55% of Sc, 57% of Fe, and 65% of Ti at 100 rpm to 67%
of Sc, 75% of Fe and 72% of Ti at 200 rpm). On the other hand, as the stirring rate increases from 200
to 600 rpm, Fe, Ti, and Sc extraction is observed to linearly decrease (from 67% of Sc, 75% of Fe, and
72% of Ti at 200 rpm to 37% of Sc, 46% of Ti, and only 9% for Fe at 600 rpm). Na and Al recovery were

21



Metals 2018, 8, 834

slightly affected by the stirring rate as they remained almost stable in a range of 17–32% of recovery.
This effect of stirring rate on metal recovery is typical in hydrometallurgy. Under low stirring rates,
a thick boundary layer was developed on the surface of the solid particles, making the diffusion of
chemical species from and to the solid particles surface inefficient. Therefore, at stirring rates lower
than 200 rpm, the leaching process is slowed down and metal recovery decreases, as it is seen in
Figure 3. At stirring rates higher than 200 rpm, the thickness of the boundary layer is substantially
decreased, but the high convective mass transfer of reactants from the surface of the particles, makes
the surface reactions again inefficient and thus the recovery yields are diminishing, as it is seen in
Figure 3. Therefore, a compromise is always found under intermediate stirring rates which, for this
system, is around 200 rpm. At this stirring rate, Fe, Ti, and Sc have the highest recovery yields (75%,
72% and 67% respectively).

3.3.2. Kinetic Studies

Several sets of kinetic have been performed at 200 rpm stirring rate, 5% w/v pulp density,
analyzing the behavior of the system at three different temperatures: 150, 175, and 200 ◦C.

In Figure 4 it is observed that at low temperature (150 ◦C), all metals show the same trend in the
first twelve hours; an initial metal dissolution occurred in the first six hours, whilst in the following six
hours, metals dissolution is decreased, reaching their lowest concentration at 12 h retention time. This
unusual behavior can be attributed to the precipitation of Ca as CaSO4 that massively occurs within the
first 6 h (Appendix A, Figure A3), while Fe dissolution is low. In the latter 6 h, adsorption phenomena
were more important and faster than dissolution and, being in contact with anhydrite, metals are
removed from the leachates, attaining the minimum at 12 h. Then, metals continue their dissolution
and as the anhydrite precipitation has been completed they are gradually desorbed, increasing their
concentration in solution and reaching the equilibrium at 24 h retention time, with the exception of
iron that continues to be dissolved but at a substantially lower rate.
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Figure 4. Kinetic curves for metals dissolution by leaching BR with [Emim][HSO4] at 1, 3, 6, 12, 18, 24
and 48 h, 200 rpm, 150 ◦C and 5% w/v pulp density.

Kinetic studies have been carried out at 175 ◦C (Figure 5), in this case the unusual dissolution
phenomenon observed at 150 ◦C was not seen and the plateau has been reached faster, after 12 h,
achieving 90% of Fe, 70% of Ti and Sc dissolution and again moderate Al and Na recovery (30%).
After 1 h, more than 35% of Sc has been dissolved, this, as mentioned, is due to the fact that goethite
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is totally dissolved and hematite starts to be leached as well. The equilibrium has been reached
at 70% of Sc and 90% of Fe recovery, which is in agreement with Vind et al. studies, as the main
mineralogical Sc containing phases in bauxite residue are hematite and goethite (55% and 25% on
average, respectively) [38].
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Figure 5. Kinetic curves for metals dissolution by leaching BR with [Emim][HSO4] at 1, 3, 6, 12, and
18 h, 200 rpm, 175 ◦C and 5% w/v pulp density.

At 200 ◦C (Figure 6), Fe, Ti and Sc are considerably leached even after 1 h (60–74%). The maximum
extraction of these metals has been reached after 12 h, where Fe was almost totally dissolved, Ti recovery
was over 90% and Sc reached nearly 80%. Al and Na dissolution remained stable along the kinetic
curve in a range of 30–40%.
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Figure 6. Kinetic curves for metals dissolution by leaching BR with [Emim][HSO4] at 1, 3, 6, 12, and
18 h, 200 rpm, 200 ◦C, and 5% w/v pulp density.
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Extraction of Sc at these high recovery yields (nearly 80%), when Fe was also almost totally
dissolved, again confirms that Sc was found to be hosted mainly in hematite and goethite mineralogical
phases in bauxite residue [38], as already mentioned. It was hypothesized before that in the same
experimental setup as given here, the unrecovered proportion of Sc (about 20%) may be associated
mainly with the chemically durable zirconium orthosilicate (ZrSiO4), that contains around 10% of the
total Sc in bauxite residue, but also with other undissolved (or partially dissolved) phases as boehmite,
diaspore, and titanium-containing phases, which have been determined to be carriers of Sc in Greek
BR [38].

3.3.3. Pulp Density

Four experiments have been conducted to investigate the effect of pulp density on the system,
at 2.5%, 5%, 10%, and 14.3% w/v pulp density, under constant temperature, time and stirring rate
(200 ◦C, 12 h, and 200 rpm). Results are shown in Figure 7.
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Figure 7. Study on the system behavior for metals dissolution by changing pulp density when leaching
BR with [Emim][HSO4] at 12 h, 200 rpm, 200 ◦C.

Fe, Ti, and Sc present constant recovery in the area of 2.5–5% w/v pulp density (almost total
dissolution for Fe, 88% for Ti, and 78% for Sc). This behavior can be explained by the extremely
high ionic liquid excess and the relatively low viscosity of the system due to the low concentration
of dissolved metals. By increasing pulp density, the ionic liquid excess decreases and viscosity
substantially rises, due to the increase of the number of suspended BR particles as well as the dissolved
metal concentrations affecting the ions mobility phenomena and the thickness of the boundary layer.
This results in a sharp and linear decreasing recovery, reaching the minimum at 14.3% w/v (60% of Fe,
70% Ti, and 14% of Sc). Experiments at pulp density higher than 14.3% w/v were not carried out due to
the high viscosity, which prevented filtration and caused serious problems during the leaching process.

3.4. Characterization of the Solid Residue after Leaching

The solid residue collected after leaching bauxite residue at optimum conditions (200 rpm, 200 ◦C,
12 h and 5% w/v pulp density) was characterized via fusion method, XRD, SEM, and TEM analyses.
The resulting residue was found to be 48% of the weight of the initial BR mass.

As it can be seen from chemical analysis shown in Table 3, solid residue after leaching is high in
aluminum, calcium, and silicon, while it is depleted in iron and titanium. REEs remain in the solid
residue (with the exception of scandium) and can be leached afterwards.
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Table 3. Chemical analysis of the residue after leaching BR at optimum conditions.

Metal Oxide Fe2O3 Al2O3 SiO2 TiO2 CaO Na2O REO SO3 LOI Others

wt.% 3.71 27.44 14.51 1.46 24.73 2.75 0.19 18.69 6.00 0.52

From the comparison of the XRD spectra of bauxite residue and residue generated after leaching
(Appendix A, Figure A4), it is possible to observe that peaks attributed to hematite, goethite, calcium
aluminum iron silicate hydroxide, gibbsite, and perovskite, which are present in bauxite residue,
disappear after leaching. Aluminum phases like diaspore and boehmite remain relatively intact after
leaching, as well as cancrinite, chamosite, and calcite. On the other hand, a new mineralogical phase
calcium sulfate anhydrite (causing the consumption of about 2 wt.% of the IL), which was formed due
to the interaction between calcium and the anion of the ionic liquid, is created during leaching. The
above observations explain well the behavior of Al and Na during leaching as their main minerals in
BR such as diaspore, boehmite and cancrinite remain insoluble, leading to low to moderate recoveries.
On the other hand, Fe and Ti bearing minerals were depleted in leaching residue thus confirming their
observed high recoveries. Regarding Ca leaching, phases like calcium aluminum iron silicate hydroxide
are substantially soluble, while phases such as cancrinite and chamosite resist dissolution. Calcite
is partially dissolved in IL solution and in the presence of HSO4

− anions, undertakes a transition to
anhydrite, which is a secondary precipitated phase during the leaching process.

SEM-EDS analysis of the solid residue after leaching confirmed the findings of chemical and XRD
analyses (Figure 8). The matrix, which is mainly composed of Al, Ca, and Na silicates, surrounds
phases transitioning from CaCO3 to CaSO4.

 

Figure 8. Scanning electron microscope (SEM image of the matrix of the residue after leaching).

3.5. REEs in the Solid Residue

Small REEs-containing particles (about 10 μm) were detected in SEM-EDS, in particular YPO4

particles including heavy rare earths like gadolinium and dysprosium (Figure 9 left). This is
consistent with Vind et al. studies of raw bauxite residue [39] where the presence of heavy rare
earth phosphates with the major constituent being yttrium and containing other heavy REEs like
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gadolinium, dysprosium, and erbium is reported. This is an indication that these grains endure
the [Emim][HSO4] leaching process without being subjected to any dissolution and thus explaining
negligible heavy REEs recoveries.

Figure 9. SEM image of a YPO4 particle (left) and a CePO4 particle (right).

Small mixed calcium–cerium phosphate particles were also identified; in this case, grains included
light rare earths like neodymium, lanthanum, and samarium (Figure 9 right). Vind et al. reported
the presence of light rare earths as calcium-containing phosphate phases in bauxite residue [39]. In
the case of the solid residue after leaching, grains containing light REEs (LREEs) phosphates are also
present. This may indicate a partial dissolution of calcium from the mixed Ca-LREEs phases, leaving
behind smaller phosphate particles which are beneficiated in LREEs. This was also implied by TEM
analysis, detecting very fine (<500 nm) particles of Al-containing CePO4 (Figure 10).

 

Figure 10. TEM image of a CePO4, Al containing, particle.
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4. Conclusions

In this study, Brønsted acidic ionic liquid 1-ethyl-3-methylimidazolium hydrogensulfate was used
to directly leach bauxite residue. Experiments were carried out in a closed mini reactor, equipped
with a condenser and a temperature controller. Stirring rate, time, temperature and pulp density
were thoroughly examined to find the optimum conditions for Sc (nearly 80%) and Fe (almost totally
dissolved) high recovery yields. This outcome confirms that Sc is mainly hosted in hematite and
goethite mineralogical phases (55% and 25%, respectively) in bauxite residue, in accordance to the
work of Vind et al. [38]. The undissolved Sc content might be attributed to ZrSiO4, containing around
10% of the total Sc in bauxite residue, but also to other phases, such as boehmite, diaspore, and
titanium-containing phases that host Sc in Greek bauxite residue [38].

At the optimum conditions, 90% of Ti was dissolved, while Al and Na were partially extracted (in
a range of 30–40%). Si and REEs dissolutions were found to be negligible, whereas Ca was partially
dissolved and precipitated as CaSO4 consuming about 2 wt.% of the ionic liquid.

Solid residue after leaching was fully characterized and found to be rich in Al, Ca, and Si, with
the main minerals present being anhydrite, diaspore, and cancrinite; it could be further treated to
extract REEs. SEM and TEM analyses of the solid residues provided explanations for the destiny of
REEs, which remain undissolved enduring the leaching process.

It can be concluded that [Emim][HSO4] ionic liquid is a good leaching agent for dissolving metals
from bauxite residue and, since it is not selective against iron, high recovery yields of Sc can be
achieved, reaching up to 80% of extraction.
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* Corresponding author: serifkaya@gmail.com (Ş.K.); edwpet@kth.se (E.M.P.); kerstino@ket.kth.se (K.F.);
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Abstract: In this study, the crystallization of scandium from ammonium fluoride strip liquor,
obtained by solvent extraction, was investigated using an anti-solvent crystallization technique.
Acetone, ethanol, methanol and isopropanol were added individually to the strip liquor as the
anti-solvent and scandium was precipitated and obtained in the form of (NH4)3ScF6 crystals.
The results show that scandium can be effectively crystallized from the strip liquor to obtain an
intermediate, marketable scandium product. Yields greater than 98% were obtained using an
anti-solvent to strip liquor volumetric ratio of 0.8. Acetone had the least performance at lower
anti-solvent to strip liquor volumetric ratios, possibly due to its limited H bonding capability with
water molecules when compared to alcohols.

Keywords: scandium; anti-solvent crystallization; solvent extraction; precipitation; ammonium
scandium hexafluoride; chemical equilibrium diagram

1. Introduction—Previous Studies and State of the Art

Scandium was identified as a critical raw material (CRM) to the European Union in 2017 and in
the US draft list of critical minerals in 2018 [1,2]. Scandium is used in solid oxide fuel cells (SOFCs),
which is a rapidly growing market [3,4]. Currently more than 90% of the annual global production of
Sc is used for the production of SOFCs [3]. Scandium also finds use in, e.g., laser garnets, as phosphors
for light emitting diodes and as an alloying element for aluminium [5–7]. The aluminium scandium
alloys have high strength, are corrosion resistant and allow welding without loss in strength, which
makes them attractive for the aerospace and automotive industries [3,7]. Viable sources of scandium
include nickel-cobalt laterites, uranium processing wastes, residues from titanium oxide production
and bauxite residues (so called red mud) [8–13]. Scandium is produced in a few countries worldwide
with 66% of the production in China, 26% in Russia and 7% in Ukraine [1].

In the conventional processing to extract scandium, the last steps often consist of the precipitation
of scandium oxalate or scandium hydroxide from a purified solution [8]. The scandium salts can
then be calcined to obtain pure scandium oxide [14]. The scandium oxide can then be fluorinated
with HF (Hydrofluoric acid) to produce ScF3 [15]. The latter is the precursor used in scandium metal
production. This is a long procedure with many stages, driving the cost and environmental footprint
of scandium fluoride and scandium metal. According to sale statistics in the US, the estimated price
of Sc2O3 (99.99% purity) is 4.60 US dollars/g, that of ScF3 (99.9% purity) is 277 US dollars/g, whilst
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that of Sc metal ingot is 132 US dollars/g in 2018 [16]. An alternative approach is to pre-concentrate
scandium from waste streams by leaching, solvent extraction, and then stripping scandium from
the organic phase using ammonium fluoride. A pure scandium ammonium fluoride solid phase can
then be obtained by crystallization. Anti-solvent crystallization is a technique that involves adding a
solvent that is soluble in a solution so as to lower the solubility of the desired salt, thereby generating
supersaturation in the resultant mixture [17].

There is information about the crystallization of scandium fluoride phases in literature. Scandium
can be precipitated from an ammonium fluoride solution as ScF3·(0–0.25)H2O, NH4ScF4, (NH4)3ScF6,
(NH4)5Sc3F14, NH4Sc3F10 or (NH4)2Sc3F11, depending on the composition of the solution and
temperature [18–20]. Scandium could also be precipitated as sodium or potassium fluoride and
ammonium fluoride salts [19]. Scandium has been crystallized as scandium trifluoride on an industrial
scale after the stripping of Ti(IV), Th(IV) and Sc(III) from dodecyl phosphoric acid in kerosene using
hydrofluoric acid in uranium processing [13]. Scandium and thorium were precipitated while titanium
was left in the solution. The solids were further processed after dissolution in a sodium hydroxide
solution. Scandium has also been stripped from loaded organic phases of D2EHPA by using sodium
fluoride solution from which Na3ScF6 has been obtained [14]. The precipitate, (NH4)2NaScF6, has also
been reported to form from a Sc containing strip liquor using NaOH solution at pH 9. After calcination
of this intermediate product, a cryolite type phase (NaScF4-Na3ScF6) can be obtained for use in Al
electrolysis in place of Na3AlF6 to obtain Al-Sc alloys [10].

In the present work, a novel approach is suggested where scandium is precipitated as an
ammonium scandium hexafluoride (NH4)3ScF6 salt by addition of an alcohol to an NH4F strip liquor
containing Sc. The alcohol acts as an anti-solvent, which effectively reduces the solubility of the
scandium salt in the resultant mixture. The precipitated ammonium scandium hexafluoride salt can
directly be used for scandium metal production by eliminating the use of environmentally undesirable
hydrofluoric acid during the conversion of Sc2O3 into ScF3.

2. Experimental Procedure

2.1. Thermodynamic Modeling

A thermodynamic model of the Sc-F system was constructed using MEDUSA (Make Equilibrium
Diagrams Using Sophisticated Algorithms) software, version 2017-Jan-27, developed at KTH Royal
Institute of Technology, Stockholm, Sweden [21]. The software is based on algorithms for the
computation of multicomponent, multiphase solution equilibrium [22–24]. The pH was varied between
1 and 12, and the logarithmic total fluoride concentration, log[F−]TOT, was varied between −2 and 2,
corresponding to a total F− concentration of 0.01 to 100 mol/L at 25 ◦C. All models were conducted for a
total Sc concentration of 67 mmol/L (3000 mg/L) at 25 ◦C. The software predicts the solution speciation
based on the stability constants and solubility products of various complexes and salts, respectively.
The overall stability constants of the Sc-F and Sc-OH complexes used as well as the solubility products
of the respective solids are shown in Table 1. The overall stability constant of ScF6

3− was extrapolated
and approximated from the constants of the lower Sc-F complexes, since they had a perfect quadratic
fit. The existence of the pentafluoride complex, ScF5

2−, was only mentioned briefly [20] with no
adequate information available in other sources. There is also evidence of the polynuclear complex,
Sc2F3

3+ [25]. The software computed the ionic strength as the fluoride concentration, and the pH
was varied. The first thermodynamic model was conducted by considering soluble complexes only,
without considering the formation of any solids; the second model considered the formation of solids;
and the third model was conducted by varying the fluoride activity, log{F−}, between −8 and 2, instead
of the total fluoride concentration, as was the case in the first and second models.
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Table 1. Stability constants of Sc complexes and solubility products of Sc salts.

Complex pKn Ref. Complex pKn Ref.

ScF2+ (aq) 7.08

[26]

ScO(OH) −9.4

[27]

ScF2
+ (aq) 12.89 Sc(OH)3 −29.7

ScF3
0 (aq) 17.36 Sc(OH)2+ (aq) −4.3

ScF4
− (aq) 20.21 Sc(OH)2

+ (aq) −9.7
ScF6

3− (aq) 22.00 * Sc(OH)3 (aq) −16.1
Sc2F3

3+ (aq) 20.7 [28] Sc(OH)4
− (aq) −26

ScF3 (s) −11.5 [29] Sc2(OH)2
4+ (aq) −6

Sc2O3 (s) −36.3 [27] Sc3(OH)5
4+ (aq) −16.34

* denotes extrapolated.

The model served to determine the dominant Sc-F complexes under the experimental conditions.

2.2. Experimental Procedure

The scandium containing strip liquor was prepared through the solvent extraction of a synthetic
scandium sulphate solution followed by stripping since this procedure mimics that employed to recover
scandium by the envisaged process. The organic solvent that was used contained D2EHPA purchased
from Lanxess, Germany; the actual composition is withheld for proprietary reasons. This solvent was
mixed with a scandium sulphate solution containing 3671 mg/L Sc at room temperature in a beaker
for 10 min at an organic to aqueous phase volumetric ratio of O/A: 1/1. The synthetic scandium
sulphate solution was prepared by dissolving 99.9% scandium sulphate pentahydrate obtained from
Richest Group, China. After mixing the organic extractant and the scandium-containing aqueous
phase, the loaded organic was separated from the raffinate via a separation funnel, and the raffinate
phase was analyzed for scandium content to calculate the % extraction. No purification steps were
conducted on the reagents used during the solvent extraction tests. The stripping of scandium from
the loaded organic phase was conducted at room temperature by using a 3 mol/L reagent grade
ammonium fluoride solution with an aqueous to organic phase ratio of A/O: 1/1. After stripping,
the stripped organic phase was separated from the scandium-containing strip liquor via a separation
funnel and the scandium content of the ammonium scandium fluoride strip liquor was analyzed to
determine the stripping efficiency. A synthetic strip liquor was then obtained for use in the anti-solvent
crystallization experiments.

After stripping, reagent grade acetone, ethanol, methanol and isopropanol were added to the
ammonium scandium hexafluoride strip liquor separately at room temperature as anti-solvents.
The solutions were mixed for 10 min whereby precipitation occurred. The precipitated crystals were
separated from the solution by means of filtration using a 0.22 μm membrane. The obtained crystals
were then washed with the same anti-solvent, dried overnight at 60 ◦C, and analyzed by a “Rigaku
Ultima-IV” model powder X-ray diffractometer (Rigaku, San Antonio, TX, USA) with a Cu-Kα X-ray
tube working under 40 kV and 40 mA to identify the crystal structure of the precipitates. A Spectro
Arcos ICP-OES analyzer (SPECTRO Analytical Instruments GmbH, Kleve, North Rhine-Westphalia,
Germany) capable of true-axial and true-radial plasma observations was used to analyze the total
concentration of the liquid samples. The samples were diluted by a factor of 100, such that the organic
concentration in the samples analyzed was below 0.5% v/v. A JEOL JSM-6490LV SEM (Scanning
Electron Microscope) (JEOL USA, Peabody, MA, USA) was used to determine the crystal morphology
and size of the precipitates.
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3. Results and Discussion

3.1. Thermodynamic Model

Figure 1A,B shows the thermodynamic models conducted for a total Sc concentration of
67 mmol/L (3000 mg/L) at 25 ◦C to determine the stability of soluble complexes with varying pH and
total fluoride concentration, as well as a consideration of solids precipitation, respectively. Figure 1C
shows the model (67 mmol/L Sc at 25 ◦C) with variation of fluoride activity and pH.

 

  

Figure 1. Predominance area diagram of Sc species in fluoride medium at 67 mmol/L (3000 mg/L) Sc at
25 ◦C. (A) Soluble complexes only with respect to logarithm of total fluoride ion concentration and pH;
(B) Soluble complexes and solids formation with respect to logarithm of total fluoride concentration
and pH; (C) Soluble complexes only with respect to logarithm of fluoride activity and pH.

The diagrams show that higher Sc-F complexes become more stable with an increase in the F−

ion concentration. The fluoride complexes, [ScFn]3−n, for values of n = 0 to 4, are more stable at a total
fluoride concentration below 0.5 mol/L, corresponding to log[F−]TOT of −0.3; above that, the ScF6

3−

complex becomes more dominant. The Sc-OH complexes are more dominant in alkaline media at low
fluoride concentrations. The tetra- and hexafluoride complexes are also stable over the entire range
of pH values at fluoride concentrations above log[F−]TOT −0.6. The strip liquor used in this study
had a pH of about 5.6 and a fluoride concentration of about 3 mol/L, corresponding to log[F−]TOT of
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0.48 mol/L. The region of operation is the one in which ScF6
3− is more stable; therefore (NH4)3ScF6 is

likely to be precipitated under the experimental conditions. However, Figure 1B shows that Sc2O3

is likely to precipitate out as the pH increases above 2.5 within a certain region of lower fluoride
concentrations; dominated by hydroxide complexes in Figure 1A and extending to higher fluoride
concentrations above pH 8. Presumably, it is actually the hydroxide, Sc(OH)3, that precipitates as
the pH increases, but the software most certainly predicts the oxide since it is the most insoluble.
The results of this model are not universal and should be used with care; otherwise a new model is
required for each different system.

A similar model, depicted in Figure 1C, was conducted by varying the logarithm of fluoride
activities; the result matched the one in the literature [30] up to log{F−} of −3 over the entire range of
pH 1–12. The difference between the two models is that the new model considers higher scandium
fluoride complexes (ScF4

− and ScF6
3−) at higher activities log{F−} between −3 and 2, as well as some

polynuclear Sc-OH complexes. Note that log{F−} is used herein to refer to logarithm of activity and
log[F−]TOT refers to logarithm of total concentration as shown in Figure 1A–C.

3.2. Strip Liquor Preparation

The chemical analysis of the raffinate phase with O/A: 1/1 showed that after mixing scandium
sulphate solution containing 3671 mg/L Sc with the organic phase, almost all of the scandium present
in the aqueous phase was extracted to the organic phase with a raffinate scandium concentration
of <1 mg/L and an extraction efficiency of >99.9%. The extracted scandium was then stripped
from the organic phase by 3 mol/L NH4F solution. The chemical analysis result of the strip liquor
obtained with A/O: 1/1 ratio showed that the strip liquor contained 3660 mg/L scandium with a 98%
stripping efficiency.

The high stripping efficiency of scandium with 3 mol/L NH4F solution is due to the complexation
of scandium and fluoride ions in high concentration of ammonium fluoride media [20,31–34] according
to the following extraction and stripping reactions Equations (1) and (2), in which the organic extractant
is represented as R:

Sc3+ + 3R·H = R3Sc + 3H+ (during extraction) (1)

R3Sc + 6NH4
+ + 6F− = 3NH4

+ + ScF6
3− + 3(R·NH4

+) (during stripping) (2)

The scandium will exist with fluoride and ammonium ions in complexes with different
stoichiometry, as shown in Figure 1 with the ScF6

3− complex being dominant at F− concentrations
above 0.5 mol/L.

3.3. Anti-Solvent Crystallization

After the stripping of scandium during the solvent extraction step, a synthetic stock solution of
3660 mg/L scandium-containing ammonium fluoride strip liquor was obtained and was used for
anti-solvent crystallization experiments. In order to decrease the solubility of scandium, the direct
addition of ethanol, methanol, isopropanol and acetone was tested. The results from these experiments
are presented in Figure 2. Figure 3 shows the results from another experiment conducted using ethanol
as the anti-solvent at higher ethanol to strip liquor ratios. In these figures, the vol.% reagent added
is expressed as a fraction of the strip liquor volume, not the total solution mixture volume. It can be
seen that the solubility of scandium decreases as the volume of anti-solvent added to the initial strip
liquor increases. This is attributed to the reduction in the solubility of (NH4)3ScF6 in the resultant
solvent mixture.

According to the information given in Figure 2, acetone was found to be the least effective
anti-solvent in precipitating out a Sc phase from the strip liquor, compared to the other solvents.
This could be due to differences in the molecular structure between a ketone and an alcohol. The ketone
has a limited hydrogen-bonding capability compared with the alcohols, implying that it interacts
weakly with water molecules in solution. The lower molecular weight ketones are capable of forming
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hydrogen bonds with water as hydrogen acceptors due to the lone pair of electrons on the oxygen
atom [35], whereas alcohols and water are both hydrogen acceptors and donors. To further understand
the degree of interaction of solvents, the solubility parameters of various solvents were computed [36]
taking into account the contributions of the dispersion (London) forces, polar forces and hydrogen
bonding. This parameter is used to determine the degree of interaction of solvents; the closer the
values of the solubility parameters of two solvents, the greater the level of interaction. The solubility
parameters of water, methanol, ethanol and acetone have been reported as 23.5, 14.28, 12.92 and
9.77 cal1/2·cm−3/2, implying the decreasing solubility of the organic solvents in water in that order.
By using 25 vol.% and 50 vol.% of ethanol, methanol or isopropanol, >88% and >98% of Sc present in
the strip liquor can be precipitated and separated out from the strip liquor, respectively.

 

Figure 2. Effect of different anti-solvent addition on the crystallization behavior of scandium.
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Figure 3. Effect of ethanol addition at higher ratios (Adopted from [37]).

Figures 2 and 3 are in close agreement and the latter shows that the extent of the precipitation
becomes asymptotical at a ratio of 0.8 with yields greater than 98.5%. This means that the amount of
anti-solvent added could be optimised within the ratio 0.8–1.0 since the further addition of anti-solvent
has a minor precipitation effect, hence unnecessary cost and process overloading. After adding the
anti-solvent, scandium immediately started to precipitate from the strip liquor in the form of fine
crystals, which settled down to the bottom of the beaker when stirring was stopped. The crystals were
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easily separated by filtration and analysed by powder XRD (X-Ray Diffraction), the result of which is
given in Figure 4. According to the XRD data, the precipitated crystals were found to be in the form of
(NH4)3ScF6 [18].

 

Figure 4. XRD pattern of the obtained (NH4)3ScF6 crystals.

At the end, fine (NH4)3ScF6 crystals can be obtained, and since this compound is a water
soluble form of scandium, it may be marketed to the industry in this form for various applications.
Alternatively, the obtained (NH4)3ScF6 crystals may be calcined in an atmosphere controlled furnace
(to capture HF gas) according to the following chemical reactions Equations (3) and (4) [38] to
obtain ScF3, which is the precursor for the production of Sc metal or alloys by metallothermic or
electrometallurgical processing techniques.

(NH4)3ScF6 → NH4ScF4 + 2NH3(gas) + 2HF(gas) (260–290 ◦C) (3)

NH4ScF4 → ScF3 + NH3(gas) + HF(gas) (340–350 ◦C) (4)

A detailed techno-economic viability study would be required in the future for a comparison
of this process with the traditional fluorination route. In the traditional process, scandium was
crystallized as the hydroxide or oxalate which were then calcined at temperatures of about 700–800 ◦C
to obtain scandium oxide [13] followed by fluorination using HF acid to obtain ScF3. In the current
processing route, scandium is precipitated as (NH4)3ScF6 from an NH4F solution. This precipitate is
then calcined at 350 ◦C to obtain ScF3. Whilst large alcohol quantities are required for this process, it
is possible to recover the alcohol by distillation for re-use in the crystallization process. This implies
higher equipment costs, but a substantial reduction in operating costs could be realised since the
alcohol can be re-used, the calcination temperature is much lower and the process eliminates the use
of HF acid. On the other hand, the main disadvantage of the envisaged process is the use of alcohols,
which are highly flammable and pose a safety hazard in an industrial scale operation. However, using
equipment that minimizes the risk of fire, along with adherence to safety standards and regulations
can minimize this risk.

The morphology of the (NH4)3ScF6 crystals was analysed by SEM as shown in Figure 5.
Discrete regular shaped crystals were obtained and the bulk of the crystals had sizes in the range ca.
1–3 μm. There were no significant discrepancies in morphology and crystal sizes observed amongst
the different anti-solvents used. All experiments were conducted by the addition of the anti-solvent in
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bulk without control of supersaturation. It is expected that a better crystal product quality could be
obtained by controlling the supersaturation through the controlled addition of the anti-solvent.

 

Figure 5. SEM image of (NH4)3ScF6 crystals obtained using ethanol at a ratio of 0.2.

4. Conclusions

In this study, scandium was successfully crystallized and recovered from ammonium fluoride
strip liquor in the form of fine (NH4)3ScF6 crystals by means of an anti-solvent crystallization technique.
The use of acetone, ethanol, methanol and isopropanol was predicted to decrease the solubility of
(NH4)3ScF6, and it was proven that upon adding the above-mentioned anti-solvent reagents, scandium
immediately started to crystallize out of the solution in the form of fine (NH4)3ScF6 within just 10 min
of mixing. Very high precipitate yields above 98% could be obtained with an anti-solvent to strip
liquor ratio of 0.8, after which it levelled off. The crystal product was regular shaped with sizes in the
range of ca. 1–3 μm, and no discrepancies were observed in the product quality amongst the different
anti-solvents employed. Acetone had the least effectiveness at very low ratios, which was ascribed to
its limited H-bonding capability in comparison to the alcohols, and hence its weaker solvent-solvent
molecular interactions in solution.
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Abstract: The objective of this study was to develop an eco-friendly method for processing
spent stripping solutions, which originate from the wet chemical decoating of metal cutting tools,
to generate a product that represents a useful basis for the recovery of valuable components.
These liquids contain, for example, considerable quantities of Ti, Co, and W. Hence, the treatment
of these solutions, especially because of the dissolved Co, is essential. The process is based on
the precipitation of an insoluble compound with the use of a Ca source. The thermal treatment
of the precipitate enables its reuse in the procedure, which leads to a minimum amount of solid
process waste. The suggested method, which can be readily controlled by pH adjustment, results in a
reduction of hazardous substances and an enrichment of valuable compounds in the solid product.
Therefore, this process represents an effective preliminary step in the recovery of concentrated metals,
such as Ti.

Keywords: closed-loop circulation; environmentally friendly process; enrichment of Ti; preparation
for recovery; reduction of Co; precipitation; thermal treatment; hydrometallurgy

1. Introduction

The wet chemical decoating of metal cutting tools allows for the removal of abraded or faulty
coatings and prepares them for subsequent reuse. Therefore, a complete and substrate-sensitive
technique is necessary to do this. Previous studies [1–4] have indicated that a mixture of 3.0 mol/L
ammonia, 4.7 mol/L hydrogen peroxide, and 0.1 mol/L citric acid at the appropriate process
parameters has led to the best results with respect to these requirements. In former investigations,
commercially available indexable inserts, which consisted of WC-MX-Co cemented carbides coated
with hard materials, were treated. These inserts involved TiAlN-PVD, TiAlTaN-PVD, and TiB2-CVD
coatings as well as a TiN-bonding layer in each case to improve the wear resistance of the cutting
tools. Because cemented carbides principally represent a composite material of tungsten carbide and
cobalt [5,6] and because there is inevitable degradation of the substrate during the decoating procedure,
the spent etchants contain considerable amounts of Co and W. Furthermore, these solutions exhibit
other metal ions, such as Ti or Ta, which originate from the dissolved hard coatings. The great number
of different substances in the used stripping agents requires processing to reduce the hazardous
components, especially Co.

Spent stripping solutions, which have arisen from the previously mentioned studies [1–4], have
chemical compositions that are not common by-products of any known processes. Therefore, these
liquids represent an exceptional residue for which a novel approach must first be established in the
laboratory, because no standardised reconditioning step is currently available. Hence, this study
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was performed to develop an environmentally friendly and low-waste technique to process these
alkaline solutions comprising spent ammonia, hydrogen peroxide, and citric acid and containing Co,
Ti, and other elements. However, another question that has arisen is whether the production of a
secondary, solid raw material is possible within the process; such a material would constitute a useful
basis for the recovery of valuable components, such as Ti.

As mentioned before, one of the main components of these liquids is citric acid. This colourless,
odourless, and crystalline solid has the molecular formula C6H8O7. Its monohydrate and anhydrous
compounds melt at 100 ◦C and 153 ◦C, respectively. Citric acid is a weak acid that dissociates stepwise
in water, as given in Equations (1)–(4), whereby the distribution of the citric ions is dependent on
the dissociation constants and the pH value. H3AOH represents citric acid, and A corresponds with
C6H4O6 [7–10].

H3AOH ↔ H2AOH− + H+ (1)

H2AOH− ↔ HAOH2− + H+ (2)

HAOH2− ↔ AOH3− + H+ (3)

AOH3− ↔ AO4− + H+ (4)

According to Al-Khaldi et al. (2007), Figure 1 represents the distribution of citric acid ions
depending on the equilibrium pH value. As can be seen, AOH3− respectively Cit3− constitutes the
predominant citric acid species in the alkaline milieu, which is the focus of the current study [10].

Figure 1. Molar fraction (γ) of different citric acid species depending on the equilibrium pH according
to Al-Khaldi et al. (2007) at a temperature of 25 ◦C and a pressure of 1 atm. Reproduced from [10], with
copyright permission from Elsevier, 2007.

Citric acid forms thermodynamically stable chelate complexes with various metal ions, such as
Co, Ni, Cu, Fe, and W. In doing so, bonds between the carboxyl or hydroxyl groups and the metal
ion occur. As stated by Wyrzykowsky and Chmurzyński (2010), Co2+, Ni2+, Mn2+, or Zn2+ form
1:1 complexes at a pH of 6 at 25 ◦C, because the equilibrium lies at Cit2−, which can also be seen
in Figure 1. In some cases, more than one citric acid molecule can be involved in this reaction.
Co and citrate ions, for example, can form different complex species in aqueous solutions, such as
[Co(CitH)], [Co(Cit)]−, [Co(Cit)2]4−, [Co(CitH-1)]2−, or [Co2(CitH-1)2]4−. Their distribution depends
on the pH value, as well as the metal/ligand ratio in the liquid. This formation of stable complexes
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impedes the precipitation of the solid metal-containing compounds, leading to certain challenges with
respect to the removal of the hazardous components [9–12].

This problem can be solved by the addition of a Ca source and its dissolution into the spent
stripping solutions. In the presence of calcium ions, citric acid combines, for example, to form CaHCit,
CaH2Cit+, or Ca3Cit2. The latter exhibits low solubility in water, which decreases with the rising
temperature [13,14].

Because the citrate is mainly present as a trivalent Cit3− in the alkaline spent stripping solutions,
which have been processed in this study, and tricalcium dicitrate is a known calcium salt of citric acid,
the following chemical equation was assumed to take place during the precipitation:

3 Ca2+ + 2Cit3− ↔ Ca3Cit2 (5)

Taking advantage of these circumstances enables the processing of the spent stripping agents and
the diminution of the metal ions.

2. Materials and Methods

Our suggested method for processing alkaline, metal-containing spent stripping solutions in a
laboratory model, therefore, is based on the precipitation of an insoluble compound through the use of
a Ca source. The following flow chart, given in Figure 2, shows the steps of the developed treatment.

 

Figure 2. Principal flow chart for the processing of used stripping solutions [3].

First, Ca(OH)2 or CaO (Carl Roth GmbH + Co. KG, Karlsruhe, Germany) was added to the
liquid as a Ca2+ source in a certain excess. While heating the suspension, the citrate reacted with the
dissolved calcium ions to form a poorly soluble calcium citrate compound, which precipitated as a
white, voluminous solid. The solid reaction product was separated from the solution by filtration.
After drying, the filter cake had to be annealed in air for 2 h at 900 ◦C. This temperature appeared
appropriate for the thermal treatment, because Ca citrates decompose stepwise in CaO through the
emission of CO2, H2O, and other volatile constituents. Furthermore, the excess of the undissolved
Ca(OH)2 reacted to CaO. Figure 3 depicts the thermogravimetric analyses of pure Ca(OH)2 and
Ca3Cit2, as well as of two precipitates from preliminary investigations, in which Ca(OH)2 served as
the precipitating agent. The graph shows the weight losses that occurred in the course of heating these
substances to 1000 ◦C in air. A stepwise decomposition of the materials took place until a constant
weight was reached. The product of the thermal procedure, calcium oxide, represented a suitable
input material, as a Ca2+ source for a renewed use as a precipitating agent for citrates in stripping
solutions. This enabled a closed-loop circulation of the solid residue in the form of a low-waste process,
in which the losses needed to be compensated for with a fresh material. Aside from the diminution
of the citrates, a decline of the metal ion concentrations of the solution occurred, which resulted in
an enrichment of certain components in the precipitate. Hence, this method represents an effective
preliminary step for the recovery of concentrated compounds from such a solid.

Two different series of tests were performed. Series 1 was meant to provide information regarding
the effectiveness of the developed technique and to clarify if the reuse of the thermally treated residue
was possible without adding a fresh Ca source. Series 2 was applied with CaO as the starting material
in constant excess.
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Figure 3. Thermogravimetric analyses in air of pure Ca(OH)2 and Ca3Cit2, as well as two
precipitates from the aforementioned preliminary investigations, in which Ca(OH)2 served as the
precipitating agent.

The experimental procedure was based on the processing method depicted in Figure 2. First,
200 mL of the starting solution was heated to 40 ◦C while being stirred in a beaker. After reaching
this temperature, the addition of a fresh Ca source occurred in the first experiment of each series of
the thermally treated precipitate for the subsequent tests. The temperature remained constant for 1 h.
Meanwhile, the soluble amount of the solid dissolved. During the ensuing boiling of the suspension
for another hour, a calcium citrate compound precipitated in the form of a white and voluminous
solid. As required, the evaporated water was compensated for with the addition of deionized water.
After cooling the suspension to the ambient temperature, the suspended particles were separated
by filtration. The drying of the filter cake took place at 105 ◦C until its weight remained constant.
Then, it was annealed in air for 2 h at 900 ◦C. The thermally treated residue served as a precipitating
agent for the removal of the citrates in the following tests. Depending on the aim of the series, fresh
Ca(OH)2 (series 1) or CaO (series 2) was added to the solid. Deionized water was added to the filtrate,
which originated from the solid–liquid separation, until the solution reached 200 mL. The solution was
analysed with ion chromatography (IC, Ion Chromatography System ICS-2000, Dionex Corporation,
Sunnyvale, CA, USA) and inductively coupled plasma mass spectrometry (ICP-MS, Agilent 7500 CE,
Agilent Technologies, Santa Clara, CA, USA) to measure the citrate and the metal content of the
liquid, respectively.

In series 1 (test designations T1–T6, Figure 4a), 200 mL of two different spent stripping solutions,
S1 and S2, were processed by adding Ca2+ ions in the form of Ca(OH)2 in triple excess in relation
to the citrate concentration present in each solution (T1). The resulting thermally treated residues
served as starting materials for the respective, subsequent tests (T2–T5), which were used without
the addition of a fresh Ca source. In the last test of the first series (T6), Ca(OH)2 was added to the
remaining solid, which ensured a high excess of Ca2+ ions. Over the course of the first 5 tests (T1–T5)
of series 1, the number of Ca2+ ions declined because of losses based on, for example, the significant
Ca concentrations in the processed solutions, the filtration, and the handling. The annealed residues,
which resulted from the last tests (T6), were analysed by X-ray fluorescence (XRF, XRF WDXRF
Axios Panalytical, Malvern Panalytical, Malvern, UK; Almelo, Netherlands) to determine its chemical
composition and draw conclusions concerning the metal content of the solid.

Series 2 comprised of 6 experiments (test designations T7–T12, Figure 4b) with 200 mL of two
different initial solutions, S3 and S4, and was meant to provide information regarding whether the use
of CaO as a precipitation agent was possible. After each test (T7–T11), the Ca losses were compensated
for with the addition of fresh calcium oxide, which theoretically led to an approximately constant
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threefold excess of Ca2+ ions over the course of the tests. Therefore, the simplifying assumption
implicated that the solid resulting from the previous precipitation only consisted of CaO after the
annealing step. The thermally treated solid residue of the last tests (T12) were analysed by XRF,
as given in Section 3.

 
(a) 

 
(b) 

Figure 4. Test procedure of series 1 (a) and series 2 (b) Ann. Prec., annealed precipitate; IC, ion
chromatography; ICP-MS, inductively coupled plasma mass spectrometry; and XRF, X-ray fluorescence.

Initial Solutions

Table 1 summarises the results of the IC and ICP-MS analyses of the 4 different, transparent,
and solid-free initial solutions, which were treated in the course of this study. This investigation was
performed with a focus on the dissolved metal ions Al, Co, Nb, Ta, Ti, and W, which represent the most
important constituents of the applied spent stripping solutions. The liquids S1 and S2 were processed
in series 1 (T1–T6), whereas S3 and S4 were examined in series 2 (T7–T12). The pH values of S1, S2, S3,
and S4 corresponded with 10.3, 10.4, 10.0, and 9.6, respectively.

Table 1. Concentrations of the citrates and the different metal ions of the initial solutions S1, S2, S3,
and S4 (b.a.l., below the analytical limit of determination) measured by IC and ICP-MS [3].

Component

Concentration, [mg/L]

Series 1 Series 2

S1 S2 S3 S4

Citrate 17,000 16,100 21,000 21,000
Al 1.89 13.0 3.26 2.58
Co 34.7 220 53,1 20.9
Nb 8.19 2.00 b.a.l. b.a.l.
Ta 13.0 3.99 0.0820 0.0680
Ti 65.3 31.5 490 360
W 160 120 110 69.2
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3. Results

Table 2 shows the multiple of the stoichiometrically required amount of Ca2+, calculated by
Equation (5), in relation to the citrate concentration present in each spent stripping agent. In the first
tests of each series (T1 and T7), a fresh Ca source was applied as a precipitating agent. In series 1,
using S1 and S2 as the initial solutions, the thermally treated residues were reused in the subsequent
tests without the need of the further addition of a Ca source, as mentioned before. The relative amount
declined from T1 to T5 because of losses concerning, for example, the dissolved Ca in the filtrates or
the handling. In T5 for the processing of S1, the number of Ca2+ ions fell under the stoichiometrically
required quantity, so it can be hypothesised that it is not possible to remove all the present citrates.
In the last tests (T6) of series 1, fresh Ca(OH)2 was added to the solid for the precipitation, which led
to a 5.63- and 5.56-fold excess of Ca2+ in S1 and S2, respectively, which should have improved the
effectiveness of the process to a greater extent. In series 2 (T7–T12), the Ca losses over the course of the
experiments were compensated for with the addition of fresh CaO, which resulted in a theoretically
constant threefold excess.

Table 2. The multiple of the stoichiometrically required amount of Ca2+ ions in relation to the citrate
concentration in the initial solutions S1, S2, S3, and S4 [3].

Series 1 Series 2

Test Designation S1 S2 Test Designation S3 S4

T1 3.00 3.00 T7 3.00 3.00
T2 2.14 2.76 T8 3.00 3.00
T3 1.34 2.38 T9 3.00 3.00
T4 1.32 2.20 T10 3.00 3.00
T5 0.93 1.89 T11 3.00 3.00
T6 5.63 5.56 T12 3.00 3.00

The following graphs in Figure 5 compare the pH value before the experiment (start) with the
pH value after the removal of the solid and the cooling of the filtrate of series 1 (Figure 5a) and 2
(Figure 5b). The pH of the filtrates resulting from the processing of S1 (Figure 5a) surpassed the starting
value in T1 and T6 only; in T2–T5, it declined constantly until the lowest point of 5.6 was reached in
T5. All the final pH values of S2 (Figure 5a) were in the alkaline range. In S2, the lowest pH was also
reached in T5 and corresponded to about 8.5. The pH decreased over the course of the tests due to the
inevitable losses of the solid. It was possible to counteract this trend by adding a fresh Ca source, as
shown in T6. Based on the compensation for the losses in series 2 (Figure 5b), the pH of the filtrates
should have been more alkaline than the initial solutions S3 and S4. This assumption can only be
confirmed for T7–T10. The reason for the lower pH values in T11 and T12 is discussed in the analysis
of the XRF results below.

Figure 6 compares the citrate concentrations of the four initial solutions to the resulting filtrates
from series 1 (Figure 6a) and 2 (Figure 6b). By analysing, for example, the outcome of T1 (Figure 6a)
and T7 (Figure 6b), it can be concluded that a successful diminution of the citrates was achieved by the
use of Ca(OH)2 (series 1) and CaO (series 2), because 97.8% and 98.2% of the citrates in S1 and S2 of
series 1, respectively, and 99.7% and 98.2% of the present citrates in S3 and S4 of series 2, respectively,
were removed in the first step (Table 3). Furthermore, we can conclude that the reuse of the thermally
treated precipitate, according to the proposed process in Figure 2, is possible. The effectiveness of
the citrate reduction was associated with the presence of the Ca2+ ions and the pH value. Hence,
the contents of the citrates in series 1 (Figure 6a) increased during the tests, because the amounts of
the provided Ca2+ and the pH declined, as given in Table 2 and Figure 5, especially in the T5 for the
processing of S1 and S2. The low citrate concentrations of the series 2 filtrates (Figure 6b) showed
that the continuous addition of fresh CaO resulted in a satisfying reduction of the citrates, because
the citrate concentrations constantly remained below 1 g/L. The comparison of the citrate contents
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and the pH values allowed us to conclude that the best results were achieved in an alkaline milieu
(pH value > 8).

 
(a) 

 
(b) 

Figure 5. pH value before (start, continuous line) and after the tests (T1–T6) of series 1 (a), as well as
the tests (T7–T12) of series 2 (b) [3].

 
(a) 

 
(b) 

Figure 6. Concentration of the citrates in the initial solutions (start, continuous line) and the filtrates of
series 1 (a, T1–T6) and series 2 (b, T7–T12) [3].

Table 3. Concentrations of the citrates and different metal ions of the treated solutions S1, S2, S3,
and S4 after the first tests (T1 and T7, respectively) of series 1 and 2 (b.a.l., below the analytical limit of
determination) measured by IC and ICP-MS and the reduction (Red.) in percentage with respect to the
initial values given in Table 1 [3].

Component

Series 1 Series 2

S1 S2 S3 S4

T1,
[mg/L]

Red., [%]
T1,

[mg/L]
Red., [%]

T7,
[mg/L]

Red., [%]
T7,

[mg/L]
Red., [%]

Citrate 370 97.8 290 98.2 60.0 99.7 370 98.2
Al 0.110 94.2 0.190 98.5 0.340 89.6 0.130 95.0
Co 1.24 96.4 1.70 99.2 0.620 98.8 0.590 97.2
Nb b.a.l. - b.a.l. - - - - -
Ta 0.0260 99.8 0.0240 99.4 b.a.l. - b.a.l. -
Ti 0.0840 99.9 0.0520 99.8 0.160 100 0.0600 100
W 120 25.0 48.3 59.8 12.0 89.1 12.0 82.7

During the precipitation of the calcium citrates, a simultaneous diminution of most other dissolved
metal ions occurred. As an example, Table 3 shows the concentrations of the metal ions in the filtrates
after the first tests of each series (T1 and T7). Furthermore, Table 3 highlights the reduction in the
concentrations in relation to the initial values, given in Table 1. As can be seen, the contents of most of
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the metal ions, except for W in series 1, were significantly decreased because of the sufficient excess
of the added Ca source. For example, a diminution of 96.4% and 99.2% was observed for Co in S1
and S2 in series 1, respectively, and a decrease of 98.8% and 97.2% occurred in S3 and S4 in series 2,
respectively, which is of particular importance for this hazardous element. Figures 7–11 compare the
initial value (start, Table 1) of an ion in the spent stripping solution to its concentration in the treated
filtrates (T1–T6 and T7–T12). The values of the filtrates of T1 and T7 of each figure correspond with the
values given in Table 3.

 
(a) (b) 

Figure 7. Concentration of cobalt in the initial solutions (start, continuous line) and in the filtrates of
series 1 (a, T1–T6) and series 2 (b, T7–T12) [3].

 
(a) (b) 

Figure 8. Concentration of aluminium in the initial solutions (start, continuous line) and in the filtrates
of series 1 (a, T1–T6) and series 2 (b, T7–T12) [3].

 
(a) 

 
(b) 

Figure 9. Concentration of titanium in the initial solutions (start, continuous line) and in the filtrates of
series 1 (a, T1–T6) and series 2 (b, T7–T12) [3].
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(a) (b) 

Figure 10. Concentration of tantalum (a) and niobium (b) in the initial solutions (start, continuous line)
and in the filtrates of series 1 [3].

 
(a) (b) 

Figure 11. Concentration of tungsten in the initial solutions (start, continuous line) and in the filtrates
of series 1 (a, T1–T6) and series 2 (b, T7–T12) [3].

Figures 7 and 8 present the results for the Co and Al contents of the filtrates. In series 1 (a), the best
results were achieved in the first and the last tests (T1 and T6) for both S1 and S2. Throughout the
further processing of S1 in T2–T5, hardly any reduction of Co and Al occurred. During the processing
of S2 in series 1, most of the Co and Al contents were removed, except for in T5. The results of series 2
(b) show satisfying results in T7–T10. These results indicated that the separation of Co and Al occurred
most successfully in a strongly alkaline milieu at pH 10–12. In principle, the metal concentrations in
the filtrate—which exceeded the initial contents in the initial solutions, such as in T5 in the processing
of S2 for Co and Al—may be explained by the dissolution of an already-separated metal compound in
the reused precipitate.

The graphs, given in Figures 9 and 10a, present the removal of Ti and Ta compared with the
initial concentrations. The evaluation of the graphs indicated that in series 1 (Figure 9a, Figure 10a)
the best results were achieved in tests T1 and T6, whereas the amount of both elements increased in
T2–T5. Series 2 exhibited a satisfying reduction of Ti (Figure 9b) and Ta in each test run. Because the
concentrations of Ta in the solutions of T7–T12 were located below the analytical limit, no graph is
presented for those tests. Regarding the influence of the pH value, we have concluded that a satisfying
diminution of both elements is possible in the alkaline range (pH value > 8).

Figure 10b displays the Nb concentrations before and after the tests in series 1. As seen in Table 1,
the amount of Nb in S3 and S4 was located below the analytical limit; hence, the results of series 2 are
not presented here. For series 1, no Nb was detected in T1, T2, and T6 for S1. In T3–T5 only a partial
diminution was achieved. In the course of the treatment of S2, no Nb was detected in any filtrate.
Thus, a pH value > 8 led to the successful reduction of Nb.

53



Metals 2018, 8, 757

Figure 11 shows the W content of the filtrates after the tests and compares them with the initial
values. The concentrations in series 1 (Figure 11a) were only diminished significantly in T1 and
T6. With respect to series 2 (Figure 11b), the lowest contents of W were reached in the first test T7.
These results indicated that it is possible to remove certain amounts of W; nevertheless, this element
tended to remain dissolved, which implied that no complete precipitation can be achieved.

Table 4 represents the main components and trace elements of the annealed residues after series 1
and 2, which were analysed by XRF. All four solids comprised calcium oxide as a main component,
with 92.9, 88.3, 65.4, and 72.7 wt.%, respectively. CaO was formed by annealing the filter cake at
900 ◦C in air via stepwise decomposition through the separation of H2O, CO2, and other volatile
components. Because the solid was subsequently heated up to 1000 ◦C prior to the XRF analysis,
an ignition loss occurred based on the removal of other volatile substances. Concerning the most
important compounds formed by the substrate and coating elements, TiO2 and Al2O3 were especially
noteworthy. The content of Al2O3 accounted for 0.07, 0.28, 0.40, and 0.41 wt.% in the residues of S1,
S2, S3, and S4, respectively. A clear difference between the two series can be seen regarding the TiO2

contents, with 1.03 and 0.81 wt.% in S1 and S2 of series 1, respectively, and 21.0 and 17.0 wt.% in S3
and S4 of series 2, respectively. This can be explained by the enhanced removal of Ti in series 2 due to
the theoretically constant excess of Ca2+ ions and the higher Ti concentration in the initial solutions,
as given in Table 1. Other elements, such as Co, W, Ta, and Nb separated to certain extents from the
liquid, but their enrichment in the solid merely remained in the ppm range.

Table 4. Main compounds and trace elements of the annealed precipitates at the end of each test series
processing the initial solutions S1, S2, S3, and S4, analysed by X-ray fluorescence (XRF) (I.L., ignition
loss) [3].

Component

Main Compounds, (wt.%)

Series 1 Series 2

S1 S2 S3 S4

Al2O3 0.07 0.28 0.40 0.41
CaO 92.9 88.3 65.4 72.7

Fe2O3 0.14 0.14 0.18 0.21
I.L. 2.19 3.46 5.16 3.46

MgO 0.86 0.91 1.26 0.44
MnO 0.02 0.02 0.09 0.10
P2O5 0.03 0.56 1.46 2.33
SiO2 0.19 0.27 0.53 0.61
SO3 0.12 0.33 0.16 0.21
TiO2 1.03 0.81 21.0 17.0

Σ 97.6 95.1 95.6 97.4

Component

Trace Elements, (ppm)

Series 1 Series 2

S1 S2 S3 S4

Co 1506 25,430 11,000 4720
Nb 438 224 22.0 17.00
Ta 980 400 b.a.l. b.a.l.
W 6800 530 14,300 6510

4. Discussion

The results of this study allowed us to conclude that a removal of citrates from spent stripping
solutions based on the proposed method, stated in Figure 2, is possible. The findings of series
1 indicated that the separation rate can be enhanced by the addition of a fresh Ca compound.
Hence, a refreshing of the annealed solid, for example, with Ca(OH)2 or CaO appears reasonable.
This presumption was confirmed by the outcome of series 2, because the reduction of the pH values in
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both of the final tests had no negative influence on the removal of the citrates. This follows the fact
that the supply of Ca2+ ions due to the addition of a fresh Ca source was sufficient for the formation of
calcium citrate.

Parallel to the citrate removal over the course of precipitation, a diminution of various metal ions
also occurred. As shown in Table 3, the removal of a high proportion of most of the dissolved ions was
observed, especially with a sufficient excess of a Ca source. The decisive factor for this diminution
was the pH value. A decline of the pH to 8 (series 2) had no negative influence on the separation rate
of the citrates; nevertheless, it led to an increase of several metal ions in the filtrates, as shown by
the trend of Co in series 2, as shown in Figure 7. The decrease of the pH in T11 and T12 of series 2
(Figure 5b) can be explained by the aforementioned separation of the metal ions, such as Ti. Therefore,
the annealed residue not only consisted of CaO, but also of a certain amount of other metal oxides,
such as TiO2. Because an accumulation of these oxides occurred in series 2, the decreasing amount
of CaO and the subsequent decline of the pH value became especially apparent in the last tests T11
and T12. This was confirmed by the XRF analyses given in Table 4, because the annealed solid arising
from the processing of S3 only consisted of 65.4% CaO; the remaining part comprised various other
oxides. As a consequence of this continuous enrichment, the aspired threefold excess from the addition
of a fresh Ca source was not reached in the real system. Hence, the theoretical excess resembled
the real excess at the beginning of series 2 but declined in further tests. This circumstance could be
counteracted by analysing the residue after every test, which would give a better understanding of
the oxidic content. The required amount of input material for the XRF measurement needed to be
compensated for by adding fresh CaO in the precipitating agent, which constituted a source of error in
the subsequent experiments. Because the necessary amount of solid for the analysis approximately
corresponds with the mass of the annealed solid for processing 200 mL of the spent stripping solution,
this analysis procedure seems to be disadvantageous.

The results of series 1 and 2 for Co and Al (Figures 7 and 8) indicated that a successful removal of
these elements is possible, especially in an alkaline medium. The best results were achieved at pH
values around 12. For further relevant constituents, such as Ti, Ta, and Nb (Figures 9 and 10), high
separation rates were obtained as well, even at a comparatively lower pH value of > 8.

The removal of W (Figure 11) presented a certain challenge, because the solubility of this element
strongly depends on the pH value. The results of series 1 indicated that a high excess of Ca2+ ions and
the resulting pH values of 12.4 and 12.6 in T6 led to a reduction rate of 83.6% and 78.8% in S3 and
S4, respectively. Consequently, no satisfying separation of W, just a certain diminution, was achieved.
Nevertheless, these results allowed us to conclude that, at least, the removal of a high proportion of W
occurs in a strongly alkaline milieu (pH value > 12).

With respect to the composition of the annealed solids (Table 4) resulting from series 1 (S1 and S2),
only a slight enrichment of the separated elements occurred. The content of 6800 ppm W in the
annealed precipitate of S1 was attributed to the considerable concentration of 160 mg/L W in the
initial solution (Table 1). In contrast, the residue of S2 contained 25,430 ppm Co as a result of the
high Co concentration of 220 mg/L in the spent stripping solution. Due to the enhancement in
series 2 regarding the addition of a fresh Ca source, an enrichment of 21.0 and 17.0 wt.% TiO2 was
achieved. This provides a useful starting base for further investigations concerning the recovery of
valuable components. The optimised procedure in series 2, furthermore, led to higher concentrations
of W (14,300 and 6510 ppm in S3 and S4, respectively) and Co (11,100 and 4720 ppm in S3 and S4,
respectively) in the annealed solid.

5. Conclusions

During the wet chemical decoating of metal cutting tools, as shown in previous studies [1–4],
spent stripping solutions arise which contain, for example, considerable quantities of citrates, Ti, Co,
and W. Based on their compositions, these liquids represent a novel type of process residue, which do
not resemble any other common by-products of any currently known processes. Therefore, this study

55



Metals 2018, 8, 757

was conducted to develop a new, environmentally friendly and low-waste method in a laboratory
model to process these spent stripping solutions. A further objective was to transfer the dissolved
metal ions into a solid to provide the basis for the recovery of these valuable components.

Finally, the results of the tests have allowed us to conclude that the proposed process (stated
in Figure 2) represents a successful, pH-controlled method for processing spent stripping solutions.
The treatment of the stripping media with a minimum threefold excess of a Ca source in relation to the
citrate ions in the solution enabled the precipitation of a poorly soluble calcium citrate compound in the
form of a white, voluminous solid, which can be readily separated. Particularly noteworthy is the fact
that this led to the simultaneous reduction of the majority of the dissolved metal ions in the strongly
alkaline milieu (pH value > 12). This phenomenon is especially important with respect to hazardous
substances, such as Co. The thermal reconditioning step allowed for the reuse of the annealed solid
as a precipitating agent for the citrates in the stripping solutions. As a result of this closed-loop
process, a minimum amount of process waste was produced, and the enrichment of certain valuable
components in the solid was achieved. This method constitutes a suitable, as well as a low-waste, basis
for the processing of spent stripping solutions and, furthermore, offers the opportunity to recover
valuable constituents due to their accumulation in the annealed solid.

6. Prospects

Because the noteworthy enrichment of several valuable components in the solid product was
achieved, based on the closed-loop process, this method represents an effective preliminary step
for the recovery of such valuable components. As concentrations of 21.0 and 17.0 wt.% TiO2 in the
solids of series 2 were obtained, the focus of future studies will be on the recovery of this constituent.
A combination of various pyro- and hydrometallurgical processes should lead to a successful separation
of titanium and titanium compounds, respectively. After calcination, the selective leaching of the
associated components with different acids at suitable process parameters, including pH, concentration,
and temperature, seems feasible. Another possibility may be to use a chloride process to separate
undesirable compounds by chlorination. The resulting TiCl4 could be converted into the pigment TiO2

in a further step.
In conclusion, the suggested method leads to the removal of hazardous substances from spent

stripping solutions, as well as enabling the satisfying enrichment of the valuable components in the
solid product. Therefore, this technique represents a useful basis for the recovery of, for example,
titanium or titanium compounds by various pyro- and hydrometallurgical processes.
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Abstract: The aim of this work was to achieve an understanding of the distribution of selected bauxite
trace elements (gallium (Ga), vanadium (V), arsenic (As), chromium (Cr), rare earth elements (REEs),
scandium (Sc)) in the Bayer process. The assessment was designed as a case study in an alumina
plant in operation to provide an overview of the trace elements behaviour in an actual industrial
setup. A combination of analytical techniques was used, mainly inductively coupled plasma mass
spectrometry and optical emission spectroscopy as well as instrumental neutron activation analysis.
It was found that Ga, V and As as well as, to a minor extent, Cr are principally accumulated in Bayer
process liquors. In addition, Ga is also fractionated to alumina at the end of the Bayer processing
cycle. The rest of these elements pass to bauxite residue. REEs and Sc have the tendency to remain
practically unaffected in the solid phases of the Bayer process and, therefore, at least 98% of their
mass is transferred to bauxite residue. The interest in such a study originates from the fact that many
of these trace constituents of bauxite ore could potentially become valuable by-products of the Bayer
process; therefore, the understanding of their behaviour needs to be expanded. In fact, Ga and V are
already by-products of the Bayer process, but their distribution patterns have not been provided in
the existing open literature.

Keywords: Bayer process; trace elements; vanadium; gallium; rare earth elements; lanthanum;
yttrium; scandium; karst bauxite; bauxite residue; red mud

1. Introduction

The ever-increasing growth in the electronics industry, the production of light-weight electric
vehicles as well as devices for generating renewable energy have imposed an accelerating demand
for specific raw materials such as the rare earth elements (REEs) [1–3]. Several economic regions like
the European Union, Japan or USA have identified raw materials that are categorised as “critical”,
relating to their supply risk and economic importance [1,4]. The search for new sources for critical
metals has encouraged research work in, amongst others, the alumina industry, in which the caustic
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process liquor as well as its by-product known as bauxite residue or red mud are prospective sources
of certain critical metals [5–8].

More than 50 chemical elements existing typically in bauxites occur in higher concentrations
than 1 mg/kg [9] and, therefore, can be considered as trace elements. The alumina industry is
particularly interested in the bauxite trace elements for the following reasons: (1) some of them (such
as vanadium—V) are undesired impurities that might end up in the product and, therefore, their
fractionation through the process must be controlled [10]; (2) some of them (such as gallium—Ga—and
in some cases scandium—Sc) can be extracted mainly as a by-product of the primary alumina
industry [6,11–13]; (3) some of them (such as beryllium—Be) are considered hazardous from
environmental and occupational health points of view [14]. Therefore, keeping track on the fate
of trace elements within the Bayer process is very important for the best plant performance and the
desired purity of products.

In the present work we set our focus on the Bayer process related trace elements that have a
prospect or already possess an existing value of being or becoming a profitable by-product. It is
well-known that Ga is worldwide mainly produced as a by-product of Bayer process [8,15] and V
can also be recovered as vanadium sludge during the production of alumina [7,16]. There exists a
growing interest in the extraction of the relatively valuable REEs and Sc from bauxite residue by
exploiting various hydrometallurgical or combined pyro- and hydrometallurgical routes [5–7,11,17,18].
In addition, the demand for these metals has been increasing steadily and further increase is projected
in the future [1,3,15].

For a better clarity in further discussion, it should be noted that REEs are a group of chemical
elements known as the lanthanides as well as yttrium (Y). Sc is also considered often as a REE, but
there is no conclusive consensus in this question. Based on the chemical properties, REEs are usually
divided to light REEs (LREE, lanthanum to europium) and heavy REEs (HREE, gadolinium to lutetium
and Y) [19], which is also the official IUPAC definition.

To name a few applications where some of the metals discussed in the present paper are used,
it can be mentioned that Ga is dominantly used in semi-conductors as well as in light emitting
diodes [8,20]. The primary use of V is in the steel industry, where this alloying metal provides grain
refinement and hardenability [21]. A wide matrix of applications exists for the REEs, such as strong
permanent magnets used in electric motors, catalysts, batteries, phosphors, polishing and many
more [19]. The interest is growing in the so far relatively scarcely used Sc, which can be utilised to
produce light-weight aluminium (Al) alloys beneficial in the aerospace industry. Another rapidly
growing field of Sc applications is in solid oxide fuel cells, which accounts now for about 90% of the
use of this metal [1,22].

Regardless of the long history of Ga research in alumina industry [9,12,23], it is not easy to retrieve
published data of the distribution of Ga in the Bayer process. It has been emphasised that this missing
gap in the accessible information has affected the compilation of worldwide resource estimation
exercises, as there is no source available that relates the known Ga concentrations with actual material
mass flows in the Bayer process [8,15]. Similar gaps exist for V, chromium (Cr), arsenic (As) and the
REEs. For instance, Deady et al. [24] have identified this gap in the available literature and recommend
to assess the enrichment of REEs from bauxite to its residues by relating the actual source and resulting
materials. Some information can be retrieved about the distribution patterns of lanthanum (La)
and Sc in the Bayer process [25], but given the date of this study (1981) it is useful to update and
build new knowledge upon that existing study. For the rest of the elements considered in this work,
at most the fractionation indexes between bauxite and derived residue or merely concentrations can be
found [26–28], and those are also often given based on lab-scale experiments [29,30]. Comprehensive
descriptions exist that provide the behaviour and distribution patterns of other bauxite trace elements
like molybdenum (Mo), zinc (Zn) [31], Be [14,32], thorium (Th) and uranium (U) [33] as well as mercury
(Hg) in the Bayer process [34,35]. It is of high interest to examine in particular the karst/diasporic
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bauxite trace element distribution in the Bayer process, because these types of bauxites are relatively
more enriched in trace elements compared to lateritic/gibbsitic bauxites [36,37].

The aim of this work is therefore to establish the distribution patterns of selected trace elements
(Ga, V, As, Cr, REEs, Sc) in the Bayer process and its by-products by formulating mass balance models of
the named elements based on a case study. The results of the present work can be further utilised as one
of the sources for compiling global resource estimations, Bayer-process-related resource estimations,
planning of by-product production from Bayer process materials, etc.

2. Materials and Methods

The Bayer process is a cyclic method that utilises sodium hydroxide leaching of bauxite ore to
produce technically pure alumina (>98.3% Al2O3) [38–41]. Aluminium of Greece plant (Metallurgy
Business Unit, Mytilineos S.A.; hereafter denoted as AoG) uses a set of processing conditions
that are known in the industrial sector as high temperature digestion (HTD). These conditions
(T > 250 ◦C, elevated pressure) are dictated by the utilisation of mainly karst bauxite, in which primary
alumina-containing minerals are diaspore (α-AlO(OH), digested mostly at >250 ◦C in the presence of
lime) and boehmite (γ-AlO(OH), digested mostly at >240 ◦C) that dissolve less readily than the more
commonly exploited gibbsite mineral (Al(OH)3, digested mostly at 140–150 ◦C) [9,42,43].

A simplified flow diagram of AoG’s process is shown in Figure 1. Because Parnassos-Ghiona
bauxite in its natural position is situated between limestones, it is necessary to remove the unwanted
limestone from the ore that is inevitably partly mined as a contaminant together with bauxite.
Limestone, mineralogically composed mainly of calcite, is removed by heavy media separation
(HMS) in ferrosilicon slurry [44,45], also referred as “decalcitation” (sic) process in the literature [44].
This operation unit is shown in Figure 1 as “HMS”, marked by a dotted line, because it is not strictly a
part of the conventional Bayer process. The primary output of this unit is mixed karst bauxite (also the
main input to the Bayer process, 73% of total bauxite mass) and secondary output is “decalcitation
residue”. Karst bauxite is ground in the presence of concentrated leach liquor to achieve granulometry
<315 μm and the resulting suspension is pre-heated to about 180 ◦C. Digestion of the karst bauxite
suspension is performed at about 255 ◦C and a pressure of about 5.8–6.0 MPa for approximately
one hour. To increase the productivity of the Bayer process, AoG also utilises an optimisation step
that is termed as the “sweetening” process. In the “sweetening” process, lateritic/gibbsitic bauxite
is digested at a lower temperature after the digestion of karst/diasporic bauxite. Lateritic bauxite
suspension passes through a pre-desilication step with a residence time of about 24 h, to allow the
formation of desilication products (sodalite and cancrinite) and to avoid the problems of reactive silica
(i.e., kaolinite) during digestion. In the case of AoG, lateritic bauxite suspension is introduced to the
main karst bauxite slurry in the appropriate flash stage after the HTD of karst bauxite suspension.
Lime is added to the process during HTD as a reaction catalyst, as well as during causticisation step
that reduces soda losses and as a filter aid during the security filtration of pregnant liquor after the
settling stage (liquor “polishing”) [44,46]. From the leached effluent slurry after digestion, the solid
fraction is separated as residue slurry or red mud (bauxite residue in the suspended form) by settling
and washing. To obtain de-watered bauxite residue that helps to reduce the losses of soda and eases
the stacking as well as further utilisation of residue, AoG makes use of the plate and frame filter
pressing of the initial residue slurry after the settling and washing unit [7]. The clear pregnant liquor,
rich in sodium aluminate, passes to the next processing step where crystalline aluminium hydroxide
(Al(OH)3) is precipitated. Precipitation is initiated by the introduction of aluminium hydroxide seed
crystals. The spent liquor after precipitation unit is concentrated in the evaporation unit, to create the
necessary sodium hydroxide concentration level for the next processing cycle. Aluminium hydroxide,
which is the final product of the Bayer process, is calcined at >1000 ◦C to produce anhydrous alumina
(Al2O3) [38,39]. Sometimes, the Bayer process is divided into the “red side” to denote the units where
bauxite and its residue are present, and to “white side” to indicate the stages after residue removal
(clarification) until precipitation and evaporation stages [40,47].
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Figure 1. Simplified flowsheet of the Bayer process. Numbers indicate the sampled materials, whilst
underlined numbers refer to samples obtained in liquor form. Numbers correspond to Table 1. HMS:
Heavy media separation.

2.1. Sampling and Technological Data

Sampling took place over a three-day period and materials were collected from key points in the
process flow sheet to provide a snapshot of the whole process. The precondition of such sampling
procedure is that all the input constituents should appear in the output materials of the process and
sampled output material corresponds to the sampled input material. The sampling points are shown
in Figure 1, and sample descriptions are detailed in Table 1. AoG uses largely two types of bauxite feed:
locally mined karst (diasporic/boehmitic) bauxite and imported lateritic (gibbsitic) bauxite. The Greek
karst bauxite samples originate from the Parnassos-Ghiona B3 stratigraphic horizon, which is the
youngest and most exploited horizon of the deposit [48]. A minor amount of B2 stratigraphic horizon
Parnassos-Ghiona bauxite was also used at the time of sampling, but the exploitation of this material is
currently suspended. More details about the Parnassos-Ghiona deposit can be found for example from
Deady et al. [24]. Another minor source of karst bauxite at the time of sampling was diasporic bauxite
from Turkey, Milas area. The lateritic bauxites used at AoG originate from Brazil (Porto Trombetas) [49]
and Ghana (Awaso), while only Brazilian bauxite was processed in the period of sampling campaign.

Bauxite samples were collected from the one-tonne test batches to provide the best representation
of the feed material. Bayer liquors, aluminium hydroxide, alumina and lime samples were collected
from the appropriate sampling points according to the internal protocols of AoG. A composite sample
of bauxite residue was collected after the filter pressing of the residues. Bauxite residue from AoG is
known to have a relatively stable REEs and Sc concentration (8% variation in 15 years), known from
the long-term research experience related to this material [6]. Fresh sodium hydroxide addition to
the process was negligible during the sampling period and was therefore excluded from the analysis.
Process data for both solid and the liquid mass flows were acquired for the same period as the sampling
took place.
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2.2. Analytical Methods

Solid samples were prepared for the analysis using standard techniques (drying, crushing,
splitting, grinding, pulverising). Elemental compositions of the samples were determined by a
combination of techniques listed in Table 2. Lithium borate fusion was chosen as the appropriate
method prior to inductively coupled plasma mass spectrometry (ICP-MS) that ensures with high
efficiency the total dissolution of bauxite and bauxite residue mineral matrix [29,50]. Instrumental
neutron activation analysis (INAA) has been outlined as a good analytical technique for determining
trace element concentrations in bauxite and bauxite residue as it is a non-destructive method and
does not require any sample pre-treatment. Also, chemical interferences such as the matrix effect
are avoided. The negative property of INAA is, however, that it is a relatively slow technique and
not all chemical elements can be measured simultaneously [29,51]. The specifications of applying
INAA in analysing geological materials, as practiced by Activation Laboratories Ltd., are given by
Hoffman [52]. The quality of the trace element analysis was assessed by measuring certified bauxite
reference material BX-N [53,54] with both methods, ICP-MS and INAA. INAA measurements were
also verified with certified reference material DMMAS 120.

Bayer liquors were prepared for analyses either by (1) simply dilution, (2) acidification with
concentrated HNO3 [55], or (3) dewatering the liquors to obtain dry pulps of the liquor (Table 2).
The latter method also provides a guarantee that trace constituents are not precipitated from the liquid
phase during sample preparation. Besides, dewatering enhances the concentration of each component
contained in the sample. Analysis of La and Sc in Bayer process solid as well as liquid samples was
exercised previously by Derevyankin et al. [25].

2.3. Compiling of the Mass Balance

The results from chemical analysis were used in combination with mass flow data of the plant
and normalised to the mass of produced aluminium hydroxide (on dry and calcined basis) according
to Equation (1). The mass balance approach to describe trace element distribution was based on the
method given by Papp et al. [31]. Original mass flow data was corrected only for the output units
of “grinding and preheating of karst bauxite” and “grinding and desilication of lateritic bauxite”,
assuming a constant Fe2O3 total mass in solids [31]:

C =
c × m1

m2
, (1)

where:

C: product-normalised concentration of trace element, mg/kg;
c: measured concentration of trace element in solid, mg/kg; or liquid, mg/L;
m1: mass flow of material on dry basis, kg/d; or liquor flow m3/d;
m2: mass flow of aluminium hydroxide on dry calcined basis, kg/d.
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3. Results and Discussion

The main and trace element compositions of the analysed solid materials are presented in
Supplementary Tables S1 and S2. Analysis of the different bauxites supports the existing knowledge
that karst bauxites are more enriched in certain trace elements compared to lateritic bauxites
(Supplementary Table S2) [37]. The most prominent trace elements in all analysed bauxites and
in derived residue are Cr and V. Among the REEs, Ce is always the most abundant metal in all the
materials where the REEs are present. This is in accordance with the review and a case study of REEs
in Greek Parnassos-Ghiona diasporic bauxite and derived residues, where the positive anomaly of Ce
is always noted [24].

Bayer liquor from various production stages is relatively enriched in the concentration of Ga,
V, As and K (Table 3, Supplementary Table S3). Ga, V, As and K concentrations in various Bayer
plants are relatively well known, while K is considered highly soluble in the process liquors and Ga,
V as well as As medium soluble [10]. Note that the concentration of some analytes, like Ga and V,
is higher in the spent liquor compared to pregnant liquor. This is because the total volume of spent
liquor is smaller than the total volume of pregnant liquor and therefore the concentrations appear
higher. At the same time, the mass balances of these elements are in equilibrium, as explained further
(Section 3.1). The same accounts for the concentration of total caustic. Mo was also accumulated to
process liquor, but the behaviour and mass balance of this element in Bayer process is already given
by Papp et al. [31]. Detectable concentrations of Cr and Ni are also present in Bayer liquor, but these
metals are not particularly accumulated into Bayer liquor compared to their concentration in bauxite
feed. Other metals, such as Ce, La or Y that were of high interest within the scope of this study, do not
occur in dissolved form in Bayer liquor in detectable concentrations (Table 3). This is to be expected
as the REEs are not predicted to have soluble species in highly alkaline conditions (pH > 14) [58,59],
which is further supported by the mineralogical observations indicating the REEs remain in solid forms
during the Bayer digestion [60]. For the case of Sc, INAA found its levels being <0.05 mg/L, which is
in accordance with Suss et al. who report that Sc concentration in Bayer liquor remains <1 mg/L [13].
Bayer liquor also contains low concentrations of U (~1 mg/L), which is in accordance with previously
known facts [33]. It is interesting to note that 20–30 mg/L concentration of tungsten (W) was also
found in process liquors by INAA and XRF. Previous studies that have compared W concentrations in
bauxite and derived residue have indicated a depletion of W in bauxite residue compared to bauxite
feed, suggesting that current detection of W in Bayer liquor is realistic [29,61].

Table 3. Composition of Bayer process pregnant (PL) and spent (SL) liquors. Extended overview of
Bayer process liquors composition is available in Supplementary Table S3.

Sample Al2O3 * Na2O ** As Br Ca Ce Cr Fe Ga Gd K

g/L g/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L g/L

titr. titr. INAA INAA AAS ICP-MS ICP-MS UV ICP-OES ICP-MS AAS

PL 192.2 159.4 110.8 33.6 14.9 <0.04 1.4 9.6 267.2 <0.04 13.7
SL 108.6 171.7 99.6 31.4 16.5 <0.04 1.3 3.4 279.7 <0.04 13.8

La Mg Mo Ni Sc Si Th U V W Y

mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L

ICP-MS AAS INAA AAS INAA AAS INAA ICP-MS ICP-OES INAA ICP-MS

PL <0.04 <0.1 318 4.8 <0.05 544 <0.1 1.28 295.2 27 <0.04
SL <0.04 <0.1 273 <4 <0.05 520 <0.1 1.27 314.7 21 <0.04

* The aluminate content of the liquor, expressed as Al2O3 [62]. ** Total caustic, the sum of the free Na(OH) and Na
bound with sodium aluminate, expressed as Na2O [62].

Based on the preceding information about trace element concentrations in process liquors,
we divided the mass distribution description of the trace elements into two main categories. The first
one describes the metals (or metalloids) that accumulate to Bayer liquor or dissolve sparingly (V, Ga,

66



Metals 2018, 8, 327

As, Cr) while the second one describes the metals for which the distribution is controlled only by solid
materials (REEs and Sc).

Full data describing the distribution and mass balance inventory of all analysed trace elements
is given in Supplementary Tables S4–S6. Processing steps are divided into seven principal units:
(I) heavy media separation (HMS), (II) grinding and preheating of karst bauxite, (III) grinding
and pre-desilication of lateritic bauxite, (IV) digestion, settling and washing, (V) precipitation,
(VI) evaporation and (VII) calcination. Overall mass balance is summarised in “internal balance”
which includes the process liquors in addition to solids and “external balance” that includes only solid
materials input and output. For the metals which do not occur in process liquors, units V–VII are
omitted, because the metal concentrations relating to those units were below detection limits (which
are specified in Table S3).

3.1. Metals (and Metalloids) that Accumulate to Liquor

There was insignificant difference in the Ga concentrations when comparing lateritic and karst
bauxites (Supplementary Table S2). This is in line with the report by U.S. Geological Survey, where
they concluded a similar presence of Ga in karstic and lateritic bauxites. They summarise the world’s
average Ga concentration in all analysed bauxite deposits as being 57 mg/kg [63], which is comparable
to the present analysis of 57–66 mg/kg in all currently analysed bauxites. Concentrations are said
to be ranging from 12–52 mg/kg Ga with an average of 40 mg/kg in bauxite districts of Greece and
Turkey [63].

Gallium possesses a close relation to Al and therefore occurs prevalently in Al-minerals. Similar
properties include atomic radius, trivalent oxidation state, tetrahedral or octahedral coordination and
amphotericity [20,64]. The mass distribution of Ga is mainly controlled by process liquors (Figure 2).
During bauxite digestion, Ga is released from aluminium-bearing minerals like gibbsite, boehmite and
diaspore [20]. The Ga digestion reaction is described by Equation (2) [9]:

Ga2O3 + 6NaOH = 2Na3GaO3 + 3H2O, (2)

Figure 2. Mass distribution of Ga (mg/kg) normalised to mass of aluminium hydroxide produced,
based on ICP-MS (solids) and ICP-OES (liquors) data.
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Ga accumulates in process liquors, achieving saturation at levels exceeding 300 mg/L. This is
about the average of that reported across earlier publications (60–600 mg/L Ga), yet typically shown
values remain between 100–200 mg/L Ga [65–70]. The present Ga saturation levels are prospective for
economic extraction given that Frenzel et al. suggest a conservative cut-off concentration for profitable
production of Ga from process liquor being 240 mg/L [8]. Ga is about 25 times enriched into pregnant
liquor compared to bauxite input. Even though the highest concentration of Ga was detected in
concentrated spent liquor, the highest relative amount of Ga (allowing for volumetric changes from
gibbsite precipitation and liquor evaporation) was found in pregnant liquor. This is because freshly
leached Ga in digestion is present in pregnant liquor, while some Ga is precipitated along with gibbsite
during precipitation and so removed from the concentrated spent liquor stream.

From the pregnant liquor, 68% of Ga entering the process is precipitated with aluminium
hydroxide, resulting in the concentration of 85 mg/kg. This impurity, however, has no adverse
effect on the quality of smelter grade alumina [9]. A smaller proportion of 29% reports to bauxite
residue (36 mg/kg on product-normalised basis). The mass difference between the entering and
exiting portion of Ga is negligible (3%). Note that the normalised concentration of Ga in liquid fraction
decreases from spent liquor to concentrated spent liquor and then to the slurry after preheating stage.
In the latter, the decrease of concentration in liquid fraction is accompanied by the simultaneous
increase in the solid fraction. Since this is a systematic observation occurring also in the distribution of
other trace elements, it will be discussed further in the text.

For the purposes of theoretical modelling of Ga distribution, Hudson [12] has indicated, and
Frenzel et al. [8] have applied the partitioning of Ga as 35% going to bauxite residue and 65% to
hydrate product [8,12]. From this analysis, the partitioning is more in line with that reported by
Figueiredo et al. [65] with 30% of Ga going to bauxite residue, and 70% to hydroxide product, although
they do not refer to the source of their data [65]. This case study therefore supports the literature
that suggests about 70% of bauxite Ga is digested in the Bayer process, and this part is subsequently
precipitated into aluminium hydroxide. About 30% of Ga is separated from the process with bauxite
residue [65].

Almost twice as much V is contained in the karst bauxite (336–650 mg/kg) compared to the
lateritic bauxite (201–258 mg/kg). Given the different proportions of bauxites in the feed, the major
input of V is therefore from karst bauxite (87%). Mass distribution of V is given based on XRF-st
data since it provided considerably better fit in the mass balance model compared to ICP-MS data
(Figure 3).

The mass distribution of V is again mainly regulated by process liquors, where the concentration
of V exceeds 400 mg/L in concentrated spent liquor. This is in accordance with the range of V
saturation levels in Bayer liquors reported elsewhere in publications (100–2800 mg/L V) [10,65,69,71].
Authier-Martin et al. refer to earlier studies indicating that V is about 30% soluble during Bayer
digestion [9]. Compared to bauxite feed on alumina normalised basis, V is enriched in pregnant liquor
up to 4 times in this study. In process liquors, V appears in the form of VO4

3− [71]. This impurity is
unwanted in hydroxide and metal production due to its known property of decreasing the electric
conductivity of metallic Al, causing a green hue in fused Al, and the scale it can form in the piping of a
Bayer refinery when precipitated from the liquor in the cooler parts of the circuit [9,71,72]. The removal
of V from process liquors is a side benefit of process lime addition. V precipitates as calcium vanadate,
as an impurity in tri-calcium aluminate (Ca3Al2(OH)12), or as Na7(VO4)2F·19H2O [71,73,74]. Our study
as well as the regular monitoring in the plant materials did not detect any V in the aluminium
hydroxide product (<10 mg/kg). Therefore, lime addition that mainly reduces soda losses among
other beneficial effects [46], is simultaneously providing a way to remove excess V from the Bayer
cycle and preventing V precipitation to product. In the existing case study, V is separated from the
process and is accumulated in the bauxite residue.

The input of As to the system from lateritic bauxite (3%) is negligible compared to karst bauxite
(97%). Once again, the accumulation of As to the liquor-based circuit is evident, as seen from the
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diagram in Figure 4. The saturation of As to process liquor is achieved at about 130 mg/L concentration.
In earlier studies, As has been detected in the alkaline liquor of bauxite residue suspension as well as
in Bayer liquors [10,75]. Teas and Kotte have classified As as a medium soluble impurity in the Bayer
process with a similar behaviour to V [10], which is evident also from this case study.

Figure 3. Mass distribution of V (mg/kg) normalised to mass of aluminium hydroxide produced,
based on XRF-st and ICP-OES data.

Karst grind. 
preheat.

Digestion
settling
washing

Precip.
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Figure 4. Mass distribution of As (mg/kg) normalised to mass of aluminium hydroxide produced,
based on ICP-MS (solids) and INAA (liquors) data.
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Higher than usual discrepancies in the input and output masses of As in different units are noted
compared to other analysed elements. This could be an indication of the need to further develop
analytical techniques relating to As in Bayer process materials. However, it is clear that dissolved
As must exist in the system when we observe the “karst bauxite grinding and preheating” unit. It is
apparent from there that As concentration increases significantly when comparing the solids entering
and exiting the unit. This implies that the entering of As to solid fraction must originate from the
concentrated spent liquor. In any case, in the end of the processing cycle, all of the As in found in
bauxite residue and in the context of available detection limits is not shown to be present in aluminium
hydroxide product (<0.5 mg/kg).

The majority of Cr input (95%) originates from karst bauxite. A minor fraction of Cr, about
one percent of input, can be dissolved into process liquor giving rise to a concentration of 1.4 mg/L
(Figure 5). During precipitation, Cr was not detected to enter product (<5 mg/kg), or it does in a very
small quantity (~2 mg/kg), as could be suggested from difference in the balance of precipitation stage
and the small deficiency (one percent) of Cr mass in the output material. An earlier study has pointed
out a 5 mg/kg concentration of Cr in hydroxide product [26]. All the quantity of Cr that entered to the
process is found in bauxite residue as the sole output carrier of this metal.

Figure 5. Mass distribution of Cr (mg/kg) normalised to mass of aluminium hydroxide produced,
based on ICP-MS (solids and liquors) data.

In the mass balance models of Ga, V, As and Cr it can be noted that during the “karst
bauxite grinding and preheating” as well as in smaller scale during “lateritic bauxite desilication”,
a pronounced increase in trace element concentration is observed in the solid fraction flows.
This increase of trace constituents is occurring with the simultaneous decrease in concentrations
in liquid flows. Thus, the trace constituents appear to precipitate during these processing phases.
Probably, the trace elements precipitate in the composition of Bayer process characteristic solid phases,
that are a group of Ca-, Al-, Na- and Si-containing phases, including desilication products (sodalite
and cancrinite), hydrogarnet (hydrogrossular) type phases as well as calcium titanate in the form
of perovskite (CaTiO3) [42,73]. Calcium vanadate or Ca3Al2(OH)12 are already known species that
contain V in Bayer process-specific solid phases [71,73]. As mentioned before, lime addition position
on the schemes is a simplification and it is added in more processing steps, including the preheating,
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thus the possibility of forming Ca-containing species is not limited to the digestion stage. Therefore,
during the preheating stage, the trace elements occurring in the spent liquor (Ga, V, As and Cr) are
thought to precipitate in the composition of Bayer process characteristic solid phases. While this
effect occurs, the trace element concentration in the liquid fraction decreases and in the solid fraction
increases. At the same time, the mass balance equilibrium of the trace elements is maintained. During
digestion, the pregnant process liquor becomes saturated again in the trace elements on the account of
leaching of the newly added bauxite feed.

Another characteristic that can be observed from the mass distributions of Ga, V, As and Cr is
that their product-normalised content shows a decreasing trend from pregnant liquor to spent liquor
and then to concentrated spent liquor. Only for Ga it is evident that part of its mass is removed
from the liquor during precipitation. Since it is observed in the distribution patterns of all the named
trace elements, it can be concluded being a systematic behaviour. The working hypothesis is that
minor deposition of the trace constituents occurs throughout the mentioned production steps in the
form of secondary precipitates or solid formations like scales in the cooler parts of piping or in the
solids of filter cakes (e.g., from security filtration of pregnant liquor, “liquor polishing”) [10,44,47].
As already mentioned, some trace elements (Y, Nb, Zr) have been detected in perovskite-based scales
in the Bayer circuit [76]. Enhanced concentrations of trace elements like Ni, Cr and V in the range of
700–4900 mg/kg were detected in perovskite-dominated matrix of a scale sample formed in the AoG’s
digestion autoclave. The cancrinite-dominated matrix of the same sample was, however, relatively
depleted in trace elements (e.g., 140–170 mg/kg V) [77]. Sometimes, enhanced concentrations of V
(112 mg/kg) and Ga (28 mg/kg) have been identified in the alumina dust from calciner electrostatic
filters, making this material an attractive source of V and Ga [78]. The former examples therefore
support the hypothesis that a proportion of trace elements is deposited to minor by-products of
the Bayer process. Scales, filter cakes and electrostatic filter dust are regularly cleaned during the
production. The volumes of these materials being created are not easily quantifiable, but an assumption
can be made that the decrease in the trace element concentrations in the liquor stream can account to
the passing of the trace elements to the formerly mentioned minor by-products of the Bayer process as
result of the described systematic behaviour.

For the previously discussed elements (Ga, V, As and Cr), it can be concluded that they first
accumulate to Bayer process liquor (although Cr in very small extent) and once their saturation
level in liquor is achieved, their input and output flows equilibrate. Minor output of those trace
elements probably occurs into minor Bayer process by-products from the liquor-based circuit as the
concentrations in liquors drop systematically in the consecutive production steps.

3.2. Metals that Do Not Accumulate to Liquor

Cerium (Ce) distribution is presented as the representative of LREE elements due to its highest
concentration in analysed materials and good analytical stability (Figure 6, Supplementary Table S2).
The rest of the mass balances of REEs can be found in Supplementary Table S5 (based on ICP-MS data)
and Table S6 (based on INAA data). The input of Ce from lateritic bauxite is practically insignificant
and almost the sole source of it is karst bauxite (99%). Cerium distribution is dictated by solid materials
only. On the “white side” of the Bayer process, all the analysed concentrations of Ce are below detection
limits (aluminium hydroxide < 3 mg/kg, process liquors < 0.04 mg/kg). Ce content remains steady
from bauxite to intermediate suspension solid fraction and then to bauxite residue. In the end of the
process, there is only one percent difference in the input and output quantities.

The distribution of Y is presented as the representative of HREEs given its highest concentration
among this group of elements (Figure 7). Except for the quantities, the distribution of Y is identical to
the one of Ce. In all processing stages, its distribution follows the solid materials and Y does not dissolve
in the process liquor and thus does not enter into aluminium hydroxide product. The difference in the
quantity of input and output of Y (four percent) is higher than for most of the REEs, but still acceptable
for presenting its mass balance model.
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Figure 6. Mass distribution of Ce (mg/kg) normalised to mass of aluminium hydroxide produced,
based on INAA (solids) and ICP-MS (liquors) data.

Figure 7. Mass distribution of Y (mg/kg) normalised to mass of aluminium hydroxide produced, based
on ICP-MS (solids and liquors).

Finally, the distribution of Sc is presented in Figure 8. Note that the quantities of Sc were analysed
by INAA method. The majority of Sc originates from karst bauxite source (96%).

Suss et al. report that Sc is expected to occur in a dissolved form during Bayer digestion,
but, it probably precipitates rapidly in an unknown form that might be ScO(OH) or Sc(OH)3 [13].
The progression of Sc through the process is once more regulated by solid material matrix from bauxite
to intermediate solids and then to residue. There is no missing quantity of Sc throughout the processing.
The present result is slightly different from the previous results of Sc distribution patterns, where
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0.6–1.5 mg/kg bauxite-feed-normalised concentration of Sc was detected in aluminium hydroxide
products in Alumina Plant of Urals and Bogoslovski Alumina Plant [25]. It can be noted, though, that
the processing conditions between the Russian alumina plants and AoG are different, since the former
also partly included sintering of the bauxite ore, although it was not performed for the total amount of
bauxite feed.

For most the REEs as well as for Sc distribution, a deficiency in the mass balance in the
output of limestone separation HMS unit is noted. This can be regarded as a problem of material
representativeness. However, since this is a pre-processing step, it does not affect the mass balance
models of the Bayer process.

Figure 8. Mass distribution of Sc (mg/kg) normalised to mass of aluminium hydroxide produced,
based on INAA (solids and liquors).

Besides the REEs distribution presented graphically (Figures 6–8), all the mass balance inventories
of the REEs (except for Tb, Ho and Tm due to low concentrations) are available in the compiled dataset
(Supplementary Tables S5 and S6). Even lutetium (Lu), the last chemical element in the lanthanides
group, mass balance was possible to be quantified given the very low detection limit (0.05 mg/kg)
available in INAA method for this element. The data shows consistently that all the analysed REEs
behave similarly during bauxite processing and at least 95% of the REEs entering into Bayer process
are transferred in the composition of solid matrix to bauxite residue. Furthermore, in most of cases
the transfer rate of REEs to bauxite residue is more than 98%. None of the REEs or Sc enter into
aluminium hydroxide, given the available detection limits, e.g., La < 0.5 mg/kg, Sm <0.1 mg/kg or
Sc < 0.1 mg/kg (Supplementary Table S2). The fact that REEs and Sc are transferred to bauxite residue
only in the composition of solid material is also supported by mineralogical studies [60,77]. One of the
investigations has shown that the form of Sc occurrence mainly in the composition of hematite remains
the same after bauxite processing [77]. On the other hand, the precursor REE phases found in bauxite
are affected by the Bayer process conditions and REE ferrotitanate type compounds are created, but the
transformations taking place seem to occur in situ on mineral grain surfaces without the dissolution
of the precursor REE phases [60]. Present case study was not able to repeat the result that up to five
percent of total La content can be passed to aluminium hydroxide product [25]. This difference can
be again explained by the differences between the operational conditions of refineries, as mentioned
above. It can be noted, however, that low La presence has been semi-quantitatively found in some
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2 w/v% aluminium hydroxide suspensions (Chemtrade Rehydragel® LV and SPI Pharma Aluminum
hydroxide wetgel VAC 20; 0.14 and 0.72 mg/L La, respectively) that are used as adjuvants in vaccines
by applying very sensitive ICP-MS techniques. At the same time, the concentrations of Ce, Nd and Sc
were below detection limits, <0.0005, <0.002 and <0.01 mg/L, respectively [79].

Inconsistencies in the mass balance of some REEs such as Ce can be noted in the “lateritic bauxite
grinding and desilication” unit (Figure 6). Such situation is best explained with the possibility that
during sampling, some contribution of the other lateritic bauxite from Ghana was also present in the
lateritic bauxite slurry. Presently sampled Ghanaian bauxite contains higher concentration of REEs
and Sc compared to the existing Brazilian bauxite and by hypothetically replacing the two bauxites in
the mass balance calculation resolves the inconsistency. However, in a broad sense this discrepancy is
not an issue because the total input and output flows are well within acceptable balance and besides,
the input of REEs and Sc from lateritic bauxites has a minor magnitude regardless of the two lateritic
bauxite types.

3.3. Fractionation Indexes and Systemic Predictions

All the analysed elements except for Ga are enriched in the bauxite residue. This can be
emphasised by calculating the fractionation indexes by dividing trace element concentration in bauxite
residue with the same parameter in bauxite feed (Figure 9). The fractionation indexes of all the
elements except for Ga are like the (1) ratio of bauxite feed mass to bauxite residue mass created
during sampling period (2.33), (2) fractionation index of Fe2O3 during sampling period (2.34), and
(3) fractionation index of Fe2O3 during one-year period (2.31). Iron oxide fractionation index is
considered for a comparison here because it represents a largely inert oxide in the Bayer process, as
well as because it has been used for a similar comparison before [29]. All the indexes of trace elements
(except Ga) differ from the three major indexes by a maximum of six percent and for most cases less
than two percent. The differences are essentially negligible and probably account for errors in sample
representativeness and/or analytical variations. This similarity of indexes is well-reasoned, because
raw-material-to-residue ratio or Fe2O3 fractionation index set a logical boundary, what can be the
maximum possible fractionation index of a constituent in the process. Basically, new material cannot
be created during the process and if the constituent does not fraction to aluminium hydroxide product,
then the fractionation index must be like the one for Fe2O3 or the bauxite-feed-to-residue coefficient.
Present result is similar to what was concluded in lab-scale testing of trace element enrichment from
bauxite to bauxite residue, although higher variations were noted in lab testing [29].

Figure 9. Fractionation indexes of trace elements calculated as trace element concentration in bauxite
residue divided by trace element concentration in bauxite. Fractionation indexes are compared to the
one of Fe2O3 during sampling period (horizontal dashed line).
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The former reasoning provides opportunities for predicting the trace element concentrations
in bauxite residue based on existing information about bauxite feed. First option is based on Fe2O3

concentration in bauxite and bauxite residue, as shown in Equation (3). It is not uncommon that
the conditionally inert Fe2O3 is used as an aid in mass balance estimations relating to the Bayer
process [80].

CBR =
CFe_BR

CFe_BX
× CBX, (3)

where:

CBR: Predicted concentration of trace element in bauxite residue, mg/kg;
CFe_BR: Fe2O3 concentration in bauxite residue, %;
CFe_BX: Fe2O3 concentration in bauxite, %;
CBX: Average concentration of trace element in bauxite feed, mg/kg.

Another option is to consider just the mass flows of bauxite feed and resulting residue created,
as shown in Equation (4) and combine it with trace element concentration in bauxite feed. In any
case, care must be taken on the representativeness of the bauxite trace element concentration values,
because considerably high variations can occur in some bauxite deposits [27].

CBR =
Mtot_BX

Mtot_BR
× CBX, (4)

where:

CBR: Predicted concentration of trace element in bauxite residue, mg/kg;
Mtot_BX: Total dry mass of bauxite fed into system, kg;
Mtot_BR: Total dry mass of bauxite residue leaving the system, kg;
CBX: Average concentration of trace element in bauxite feed, mg/kg.

Equations (3) and (4) can be used only for the trace elements which do not fraction to aluminium
hydroxide product, therefore it is not applicable for such metals as Ga.

4. Conclusions

Bauxite trace elements under the Bayer process extraction conditions and the types of bauxite
used in this study are roughly divided in two categories: (1) those that are at least partly soluble in
the caustic leaching and accumulate to an extent into process liquor, namely Ga, V, As as well as Cr,
and (2) those that are not soluble in the caustic leaching, namely Sc, and the REEs. The trace elements
in the first category accumulate in the process liquor until the specific saturation level of each metal,
and then the input and output flows equilibrate. In the Bayer process output flows, only Ga possesses
the property of entering into the composition of aluminium hydroxide product to the extent of 70%
of total Ga output mass. The rest of the Ga is separated from the process with bauxite residue. With
respect to the second category, those metals (Sc, REEs) are transferred through the process only in the
composition of solid material flows. Sc and REEs are not found in the aluminium hydroxide product
and their mass transfer to bauxite residue is mostly at least 98%.

It is evident that Bayer process materials, whether they are bauxite residue or process liquors,
are enriched in certain trace elements. Together with the continuous development and improvement
of extraction technologies, the trace elements could be recovered as valuable by-products of the
Bayer process.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-4701/8/5/327/s1,
Supplementary file containing Table S1: main element composition of sampled solid materials, Table S2: trace
element composition of sampled solid materials, Table S3: composition of Bayer liquors, Table S4: mass distribution
of metals (and metalloids) that accumulate to process liquor, Table S5: mass distribution of trace elements that do
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not accumulate to process liquors, based on ICP-MS data, Table S6: mass distribution of trace elements that do not
accumulate to process liquors, based on INAA data.
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Abstract: The paper focuses on the improved process of metal recovery from lithium-ion
batteries (LIBs) lithium nickel manganese cobalt oxide (NMC) cathode waste materials by using
hydrometallurgical methods. In the acid leaching step, the essential effects of acidity concentration,
H2O2 concentration, leaching time, liquid-solid mass ratio, and reaction temperature with the leaching
percentage were investigated in detail. The cathode material was leached with 2M H2SO4 and
10 vol. % H2O2 at 70 ◦C and 300 rpm using a liquid-solid mass ratio of 30 mL/g. In order to complete
the recovery process, this paper designs the proper separation process to recover valuable metals.
The leach liquor in the recovery process uses Cyanex 272 to first extract Co and Mn to the organic
phase. Secondly, Co and Mn are separated by using D2EHPA, and a high purity of Co is obtained.
Thirdly, Ni is selectively precipitated by using DMG, and Ni is completely formed as a solid complex.
Finally, in the chemical precipitation process, the remaining Li in the leach liquor is recovered as
Li2CO3 precipitated by saturated Na2CO3, and Co, Mn, and Ni are recovered as hydroxides by NaOH.
This hydrometallurgical process may provide an effective separation and recovery of valuable metals
from LIBs waste cathode materials.

Keywords: NMC batteries; recycling; leaching; solvent extraction; selective precipitation;
hydrometallurgy

1. Introduction

Nowadays, as a result of the rapid development of modern society and technology, the use of
lithium-ion batteries (LIBs) has become indispensable. These are commonly applied in our lives
and play an important role in power sources and diverse devices such as mobile phones, laptop
computers, digital cameras, and even the developing electric vehicles (EVs) and hybrid electric
vehicles (HEVs) [1–4]. In the period between 2000 and 2010, the annual production of LIBs increased
by 800% worldwide [5]. With the popularity of LIBs’ development, the resulting use of LIBs is also
growing prominently [6,7]. Consequently, the recycling of spent LIBs by means of the recovery of the
valuable metals contained in the cathode material, such as lithium, cobalt, nickel, and manganese,
is considered as a progressively more substantial process to prevent environmental problems and meet
sustainable and environmentally friendly regulations.

LIBs are frequently classified according to their cathode materials, into lithium cobalt oxide
(LiCoO2) batteries, lithium manganese oxide (LiMn2O4) batteries, and lithium iron phosphate
(LiFePO4) batteries, for example [8–12]. However, these types of batteries are gradually being replaced
by lithium nickel manganese cobalt oxide (LiNiMnCoO2 or NMC) batteries. Hence, in this study,
we focus on dealing with the NMC cathode waste materials.
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At present, the recycling process of LIBs has been investigated in several studies [13,14]. In order
to recover the valuable metals from several types of LIBs, measures have been reported involving
mechanical processes [15], mechano-chemical processes [16], thermal treatment [17,18], and dissolution
processes. Subsequently, chemical processes mainly involve the use of hydrometallurgical operations
to carry out the recovery of valuable metals; these include acid leaching [19–21], chemical
precipitation [22,23], solvent extraction [24,25], ion-exchange [26], and electrochemistry [27]. Thus far,
approaches for recycling valuable metals in LIBs mainly use pyrometallurgical and hydrometallurgical
processes. In hydrometallurgical processes, the recovery of valuable metals from spent LIB cathode
materials is dealt with via acid leaching. According to different leaching ways to cope with spent LIBs,
this is mostly carried out using an inorganic acid as an acidic leaching agent, such as H2SO4 [28–30],
HCl [31], or HNO3 [32]. Compared with those given in the literature [33], H2SO4 has a great effect on
lithium cobalt oxide batteries and is cheaper than others. Therefore, we chose H2SO4 as the leaching
agent to process the NMC cathode materials. The research focused on finding the most suitable acid
concentration, reaction temperature, liquid-solid mass ratio, and other parameters.

In the separation process, mainly used are solvent extraction, ion-exchange, and chemical
precipitation to cope with the waste materials. Because several extractants, resins, and precipitating
agents, such as PC88A [34], D2EHPA [35], Cyanex 272/Cyanex 301/Cyanex 302 [36,37], Mextral272P [38],
Dowex M4195, Diaion CR-11, Lewatit TP-272 [26], and dimethylglyoxime (DMG) [39,40], were
experimented with, we found that the most common way to separate cobalt, nickel, and manganese
from other sources is solvent extraction. In comparison with literature, as an extractant, Cyanex 272
has a great selectivity between nickel and cobalt; D2EHPA has the effect of separating cobalt and
manganese. However, when the target materials are no longer only two metals, such as nickel/cobalt or
cobalt/manganese, but four metals, such as nickel/cobalt/manganese/lithium, the effect of separation
is limited by co-extraction. Furthermore, as a precipitating agent, DMG precipitates nickel very
selectively in the absence of cobalt. Hence, we designed an improved recovery process and combined
the advantages of the extractants and precipitating agent mentioned above to overcome the inadequate
abilities, achieving effective results. In this study, we concentrate on discussing the experimental
parameters and design a recycling process for LIB NMC cathode waste materials.

2. Materials and Methods

2.1. Materials and Reagents

The NMC cathode waste materials mainly contain cobalt, nickel, manganese, and lithium. In our
experiment, the source of materials was from the LIB industry, and these were produced and acquired
during the manufacture of LIBs. The materials were analyzed by scanning electron microscopy (SEM;
Hitachi, S-3000N), energy-dispersive X-ray spectroscopy (EDS; Bruker, XFlash6110), X-ray diffraction
(XRD; Dandong DX-2700), and inductively coupled plasma optical emission spectrometry (ICP-OES;
Varian, Vista-MPX). Figure 1 shows that the valuable metals in the cathode materials were present as
LiCoO2 and LiNi1/3Co1/3Mn1/3O2. Figure 2a,b shows the result of the cathode material analysis by
SEM and EDS. It was found that the metals were distributed evenly, and we could also determine the
presence of LiCoO2 and LiNi1/3Co1/3Mn1/3O2. The chemical composition of the LIB cathode materials
was analyzed by ICP-OES and mainly contained 25.83% Co, 26.29% Ni, 14.41% Mn, and 8.31% Li.
Compared with previous literature [41], we found that the total amount of Co and Ni in this study
was nearly 15% higher than in previous literature. Because of the similar chemical properties of Co
and Ni, a large proportion of Co and Ni causes serious co-precipitation and co-extraction, as well as
other negative effects. Therefore, an improved separation process is required in subsequent studies.
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Figure 1. The X-ray diffraction (XRD) pattern of waste lithium nickel manganese cobalt oxide (NMC)
cathode materials.

   
(a) (b) 

Figure 2. (a) The scanning electron microscopy (SEM) analysis of cathode materials; (b) the energy-
dispersive X-ray spectroscopy (EDS) analysis of cathode materials.

The sulfuric acid used as the leaching agent and stripping agent in the experiment was from
Sigma-Aldrich (St. Louis, MO, USA) (H2SO4, 98%) and was diluted in deionized water. The commercial
extractants Cyanex 272 (CYTEC, 85%) and D2EHPA (Alfa Aesar, 95%) were diluted in kerosene,
and both were saponified by the addition of a stoichiometric amount of sodium hydroxide solution. In
this study, the preparation of Cyanex 272 and D2EHPA was saponified to 60% Na-Cyanex 272 and 50%
Na-D2EHPA. Sodium hydroxide was from Showa (NaOH, 97%), and the selective precipitation reagent
in this experiment was dimethylglyoxime (DMG, Sigma-Aldrich, ≥99%). All other chemical reagents
used in the experiment were of analytical grade and were prepared or diluted with deionized water.

2.2. Leaching

Leaching procedures were carried out using standard laboratory leaching equipment. The cathode
material was dissolved in sulfuric acid. The leaching parameters, such as the acid concentration,
reaction temperature, reaction time, and liquid-solid mass ratio, were investigated. The acidity was set
from 0.25 M to 8 M, the reducing reagent concentration was set from 0.2–21%, and the liquid-solid mass
ratio was set from 2.5 mL/g to 50 mL/g. The effect of temperature was tested at different temperatures
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from 25 ◦C to 85 ◦C to achieve a better leaching percentage. The leaching percentage was calculated
according to Equation (1):

XB = (m1/m2)× 100% (1)

where XB is the leaching percentage, m1 is the measured quantity of metal leached, and m2 is the
quantity of metal in the raw material.

The following chemical equations of dissolution demonstrated that the cathode waste materials
from LIBs were dissolved in the sulfuric acid solution with hydrogen peroxide:

2LiCoO2(s) + 3H2SO4(aq) + H2O2(aq)→2CoSO4(aq) + Li2SO4(aq) + 4H2O(g) + O2(g) (2)

6LiNi1/3Mn1/3Co1/3O2(s) + 9H2SO4(aq) + H2O2(aq)→2MnSO4(aq) + 2NiSO4(aq) +
2CoSO4(aq) + 3Li2SO4(aq) + 10H2O(g) + 2O2(g)

(3)

2.3. Solvent Extraction

In the experiment, Na-Cyanex 272 was used as the extractant to efficiently separate cobalt and
nickel in the sulfate solution. Na-D2EHPA was used as the extractant to entirely separate cobalt
and manganese in the sulfate solution. The extractant was diluted into kerosene and was partially
saponified by NaOH. The saponification reaction of Cyanex 272 and D2EHPA can be written as
Equation (4), and the extraction mechanism of Na-Cyanex 272 and Na-D2EHPA can be written as
Equation (5) [42–44]:

Na+
(aq) + 1/2 (HA)2(org)→NaA(org) + H+

(aq) (4)

M2+
(aq) + NaA(org) + 2(HA)2(org)⇔(MA2•3HA)(org) + Na+

(aq) + H+
(aq) (5)

The distribution ratio, D, was calculated as the concentration ratio of the metal present in the
organic phase to that in the aqueous phase at equilibrium:

D =
C0 − C

C
× Vaq

Vorg
(6)

where C0 is an initial total concentration of metal ions in an aqueous phase; C is the equilibrium
concentration of metal ions in an aqueous phase; and Vaq and Vorg are the volumes of the aqueous and
organic phases, respectively.

From the distribution ratio, D, the extraction percentage, %E, could be calculated by Equation (7):

%E =
D

D +
Vaq
Vorg

× 100% (7)

where D is the distribution ratio; and Vaq and Vorg are the volumes of the aqueous and organic
phases, respectively.

2.4. Stripping Process

The stripping agent in the experiment was H2SO4, which was mixed with the organic phases after
the solvent extraction step. The metals, such as cobalt ions and manganese ions, were stripped into the
aqueous phase owing to their high solubility in H2SO4. After the first solvent extraction, the acidity of
H2SO4 (0.01–0.15 mol/L) and the organic-aqueous ratio (0.5–4) of the stripped cobalt and manganese
were investigated. After the second solvent extraction, the acidity of H2SO4 (0.005–0.15 mol/L) and
the organic-aqueous ratio (1–8) of the stripped manganese were investigated.
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2.5. Selective Precipitation and Chemical Precipitation

The selective precipitation process used DMG (C4H8N2O2) as the reagent to separate nickel
and lithium. The molar ratio of C4H8N2O2 to nickel (MRDN) and the equilibrium pH value were
adjusted respectively from 1 to 3 and 3 to 10 to obtain the best precipitation percentage under optimal
parameters. In the chemical precipitation process, sodium hydroxide was dissolved in deionized
water and modified the pH value. In addition, the best precipitation percentages of cobalt hydroxide,
manganese hydroxide, and nickel hydroxide were investigated. The precipitation percentages were
calculated by Equation (8):

P =
[M]0 − [M]

[M]0
× 100% (8)

where P is the precipitation percentage, is the metal concentration of the leach liquor, and [M]0 is the
metal concentration of the leach liquor after precipitation.

3. Results and Discussion

3.1. Leaching Process

3.1.1. Effect of Acid Concentration and H2O2 Concentration

Figure 3a shows the leaching behavior of the metals cobalt, nickel, lithium, and manganese
from spent LIB cathode materials by sulfuric acid and hydrogen peroxide. The effect of the H2SO4

concentration was investigated by varying the H2SO4 concentration from 0.25 M to 8.0 M. The results
indicated that Co increased steeply from 43.7% to 91.6% as the H2SO4 concentration increased up to
2.0 M, while Mn, Ni, and Li respectively increased to 91.8%, 91.4%, and 94.0%. The effect was ascribed
to the fact that a higher acid concentration assisted and speeded up the forward reaction, resulting in a
higher leaching percentage [45].

  

 

Figure 3. Cont.
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Figure 3. (a) Effect of the leaching percentage on H2SO4 concentration (reaction conditions: liquid-solid
mass ratio of 50, 10.0% H2O2, 120 min, and 25 ◦C). (b) Effect of the leaching percentage on H2O2

concentration (reaction conditions: 2.0 M H2SO4, liquid-solid mass ratio of 50, 120 min, and 25 ◦C).
(c) Effect of the leaching percentage on liquid-solid mass ratio (reaction conditions: 2.0 M H2SO4,
10.0% H2O2, 120 min, and 25 ◦C). (d) Effect of the leaching percentage on reaction time (reaction
conditions: 2.0 M H2SO4, 10.0% H2O2, liquid-solid mass ratio of 30, and 25 ◦C). (e) Effect of the
leaching percentage on temperature (reaction conditions: 2.0 M H2SO4, 10.0% H2O2, liquid-solid mass
ratio of 30, and 90 min).

In order to examine the effect of the H2O2 concentration on the leaching process, the concentration
of H2O2 was varied in the range from 0.2% to 21%. Figure 3b illustrates that the leaching efficiency
of the metal significantly increased when the H2O2 concentration was 8.16%. The results indicated
that the Co, Ni, Mn, and Li percentages steeply increased up to 91.72%, 92.34%, 92.12%, and 95.27%.
This phenomenon was attributed to the fact that the reductions of Co3+ to Co2+ and Mn4+ to Mn2+

would help these metals to dissolve more readily. However, there was no apparent influence when
H2O2 was added with a concentration of more than 10%. Therefore, the concentration of H2O2 was
chosen as 10% to be optimal in the leaching process.

3.1.2. Effect of Liquid-Solid Mass Ratio

The effect of the liquid-solid mass ratio is shown in Figure 3c. The leaching percentages of all
metals investigated were generally increased, while the liquid-solid mass ratio increased from 3/1 to
30/1 and percentages were increased to 91.99% for Co, 94.72% for Li, 93.35% for Mn, and 91.97% for
Ni. The reason was that when the liquid-solid mass ratio was low, there was insufficient acid to react
in the process. In other words, when the liquid-solid mass ratio was high, there was more acid readily
able to react and available to obtain a higher leaching percentage. Hence, the liquid-solid mass ratio
was chosen to be 30 mL/g as optimal.

3.1.3. Effect of Reaction Time and Temperature

Figure 3d shows the effect of the leaching percentage with the reaction time. The leaching
percentages of Co, Li, Ni, and Mn substantially increased by about 44%, 19.8%, 25.7%, and 40.1%
when the reaction time was increased from 5 to 90 min. The reason was that with the increase in the
leaching time, a greater and greater surface area of the unreacted particle cores could react with the
sulfuric acid.

The effect of the temperature is shown in Figure 3e. The leaching percentage increased with the
increasing temperature because the temperature has a great effect on the leaching process. A higher
temperature can increase the speed of the molecular motion and increase the energy of the particles’
collisions. The optimal leaching parameters from this study are illustrated in Table 1. The leaching
percentages under the optimal conditions were Co: 98.46%; Ni: 98.56%; Li: 99.76%; and Mn: 98.62%.
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Table 1. The optimal parameters of leaching process.

[H2SO4] [H2O2] Liquid-Solid Ratio Temperature Leaching Time

NMC battery cathode material 2.0 mol/L 10.0% 30 mL/g 70 ◦C 90 min

3.2. Solvent Extraction with Na-Cyanex 272

Because NMC cathode waste material contains an extraordinarily large proportion of cobalt and
nickel, we used Na-Cyanex 272 to first separate the nickel and cobalt. If the nickel-cobalt separation was
not treated first, it would have been difficult to achieve a high purity of the product and would have
impeded the following processes. Hence in this study, we used Na-Cyanex 272 to handle this problem.
The extraction pH value was considered the key variable for separation in the extraction process. The
metals’ concentration was set as the concentration ratio of Co/Ni/Mn/Li = 2590:2610:1400:800 mg/L;
this was set according to the leaching condition and was analyzed by ICP-OES to calculate the
extraction percentage.

3.2.1. Effect of Equilibrium pH Value

The equilibrium pH value was set from 1 to 7.5 by using 0.1 M 60% Na-Cyanex 272 with an
organic-aqueous ratio of 1:1 over 15 min. Figure 4a shows that the extraction percentages of cobalt and
manganese were observed to increase significantly from almost 0% to 98.8% and 98.9% respectively
when the pH value was raised from 4 to 6. The extraction was not desirable when the pH value was
higher than 6, as the extraction percentage of nickel began to increase rapidly. Moreover, when the pH
value was higher than 7, cobalt began to partially precipitate to cobalt hydroxide. Hence, in this step,
the equilibrium pH value equal set to 6 was optimal.

 
 

 

Figure 4. Cont.
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Figure 4. (a) Effect of the extraction percentage on equilibrium pH value (reaction conditions: 0.1 M
Na-Cyanex 272, organic-aqueous ratio of 1, and 15 min). (b) Effect of the extraction percentage
on Na-Cyanex 272 concentration (reaction conditions: equilibrium pH value of 6, organic-aqueous
ratio of 1, and 15 min). (c) Effect of the extraction percentage on organic-aqueous ratio (reaction
conditions: equilibrium pH value of 6, 0.1 M Na-Cyanex 272, and 15 min). (d) Effect of the extraction
percentage on extraction time (reaction conditions: equilibrium pH value of 6, 0.1 M Na-Cyanex 272,
and organic-aqueous ratio of 1.5). (e) Effect of the stripping percentage on sulfuric acid concentration
(reaction conditions: organic-aqueous ratio of 1 and 10 min). (f) Effect of the stripping percentage on
organic-aqueous ratio (reaction conditions: 0.1 M H2SO4 and 10 min).

3.2.2. Effect of Na-Cyanex 272 Concentration

The extraction of Co, Mn, Ni, and Li from the leach liquor of spent NMC batteries was studied
with conditions of Na-Cyanex 272 concentration from 0.01 to 0.2 M at pH 6 and an organic-aqueous
ratio of 1:1 over 15 min. Figure 4b shows that by increasing the Na-Cyanex 272 concentration from
0.01 M to 0.1 M, the extraction percentages of cobalt and manganese increased strictly. The reason was
that a higher concentration of the extractant enabled more Co2+ and Mn2+ ions to be caught. However,
when the Na-Cyanex 272 concentration was higher than 0.1 M, the extraction percentage of nickel
started to increase. This was because the excess extractant resulted in an extraction effect that was too
strong and that thus had an adverse effect on the separation process.

3.2.3. Effect of Organic-aqueous Ratio

Figure 4c shows that an organic-aqueous ratio from 0.5 to 2.0 was studied using 0.1 M Na-Cyanex
272 at pH 6 over 15 min. The result shows that the extraction percentages of cobalt and manganese
increased as the organic-aqueous ratio increased, which means that the cobalt and manganese were not
yet extracted completely. However, when the ratio was greater than 1.5, the extraction percentage of
nickel increased rapidly. Hence, in order to avoid the extraction problem of nickel, an organic-aqueous
ratio of 1.5 was better for the cobalt and nickel separation.

3.2.4. Effect of Extraction Time

In Figure 4d, it is clear that the extraction time was a significant influence in the extraction process.
The effect of the extraction time was studied using 0.1 M Na-Cyanex 272 when the pH was 6 and the
organic-aqueous ratio was 1.5. The extraction percentage increased substantially from 0.5 to 15 min,
and the reaction was balanced after 15 min. In this case, the extraction percentages of lithium and nickel
were found to have almost no increases with the increasing extraction time. Finally, the extraction
percentages of Co, Mn, Ni, and Li were about 99.2%, 99.3%, 3.3%, and 3.0%, respectively.
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3.2.5. Stripping of Co and Mn from the Organic Phase by Sulfuric Acid

After extraction, the cobalt and manganese in the organic phase continued to the stripping process.
In this process, we chose H2SO4 as the stripping agent, and the effect of the H2SO4 concentration is
presented in Figure 4e. As the figure shows, when the H2SO4 concentration increased, the stripping
percentage increased simultaneously. It was clear that the reason was the shortage of H2SO4. Hence,
we found that when the H2SO4 concentration was increased up to 0.1 M, the stripping percentages of
cobalt and manganese achieved almost 100%. Figure 4f shows that the stripping percentage declined as
the organic-aqueous ratio increased, which means that the cobalt and manganese were not yet stripped
completely when the organic phase increased. We found that when the organic–aqueous ratio was 2:1,
the stripping percentage started to decrease. Hence, in the stripping process, an organic-aqueous ratio
of 2 was optimal, and the stripping percentage of cobalt and manganese was almost 100%.

3.3. Solvent Extraction with Na-D2EHPA

After the separation by using Na-Cyanex 272 as the extractant, the metals were separated into two
sides. One side contained cobalt with manganese, and the other side contained nickel with lithium.
In the previous step, most of the nickel in the material had been separated. Compared with previous
literature [46,47], the biggest problem in the recovery process was the poor separation effect resulting
from the co-extraction of cobalt and nickel. Hence, the problem of the high proportion of cobalt and
nickel had been already solved. In this step, in order to separate the cobalt and manganese effectively,
Na–D2EHPA was used as the extractant.

3.3.1. Effect of Equilibrium pH Value

The effect of the equilibrium pH value in the extraction and separation of cobalt and manganese
from the sulfate solution is shown in Figure 5a. The extraction percentage of manganese increased as
the equilibrium pH value increased. However, when the equilibrium pH value was greater than 2.95,
the extraction percentage of cobalt started to increase rapidly. In order to obtain a good recovery of
cobalt, we chose a pH value of 2.95 as the optimal.

  

  

Figure 5. Cont.
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Figure 5. (a) Effect of the extraction percentage on equilibrium pH value (reaction conditions:
0.2 M Na-D2EHPA, organic-aqueous ratio of 1, and 15 min). (b) Effect of the extraction percentage
on Na-D2EHPA concertation (reaction conditions: equilibrium pH value of 2.95, organic-aqueous
ratio of 1, and 15 min). (c) Effect of the extraction percentage on organic-aqueous ratio (reaction
conditions: equilibrium pH value of 2.95, 0.2 M Na-D2EHPA, and 15 min). (d) Effect of the extraction
percentage on reaction time (reaction conditions: equilibrium pH value of 2.95, 0.2 M Na-D2EHPA,
and organic-aqueous ratio of 1.0). (e) Effect of the stripping percentage on sulfuric acid concentration
(reaction conditions: organic-aqueous ratio of 1 and 5 min). (f) Effect of the stripping percentage on
organic-aqueous ratio (reaction conditions: 0.05 M H2SO4 and 5 min).

3.3.2. Effect of Na-D2EHPA Concentration

The competitive extraction of cobalt and manganese was studied with Na-D2EHPA concentrations
from 0.1 M to 0.4 M. Figure 5b shows that the extraction percentage of manganese increased
simultaneously with the Na-D2EHPA concentration. However, when the Na-D2EHPA concentration
was higher than 0.2 M, owing to the extraction capacity becoming too strong, the extraction percentage
of cobalt also started to increase. Therefore, the extraction percentages of manganese and cobalt
were 85.1% and 3.7% respectively under 0.2 M Na-D2EHPA at the equilibrium pH value of 2.95 and
organic-aqueous ratio of 1.0 over 15 min.

3.3.3. Effect of Organic-Aqueous Ratio and Extraction Time

In the experiment, the organic-aqueous ratio also influenced the extraction percentage. Figure 5c
shows that when the organic-aqueous ratio increased from 0.5 to 1.0, the extraction percentage of
manganese increased to 85.1% and the extraction percentage of cobalt only slightly increased. However,
when the organic-aqueous ratio was increased up to 1.5, the extraction percentage of cobalt increased
to 21.1%. The reason was that the organic phase was too great or the aqueous phase was too little
to selectively extract quantities of metal ions. Therefore, an organic-aqueous ratio of 1.0 was chosen
as optimal.

In order to avoid consuming too much energy, we controlled the reaction time and investigated the
interaction between the organic and aqueous phases. The effect of the extraction time was investigated
with the optimized parameters. Figure 5d shows that the extraction time needed to approach the
reaction balance was very short. Hence, an extraction time of 5 min was chosen as optimal.

According to the above studies, under optimal parameters, the extraction efficiency of manganese
was up to 85.14%. On the basis of this distribution ratio, the efficiency could also increase to over 99.6%
by three stages of extraction, retaining cobalt in the aqueous phase. The optimal parameters of both
extractions are illustrated in Table 2.
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Table 2. The optimal parameters of solvent extraction.

Equilibrium pH Value Concentration (M) Organic-Aqueous Ratio Extraction Time (min)

Na-Cyanex 272 6.0 0.1 1.5 15
Na-D2EHPA 2.95 0.2 1.0 5

3.3.4. Stripping of Mn from the Organic Phase by Sulfuric Acid

After extraction, the manganese in the organic phase continued to the stripping process. In this
process, we chose H2SO4 as the stripping agent, and the effect of the H2SO4 concentration is presented
in Figure 5e. To obtain the best stripping percentage, the H2SO4 concentration was analyzed from
0.005 M to 0.15 M, and the stripping percentage of manganese achieved almost 100% when the H2SO4

concentration increased up to 0.05 M. Furthermore, the effect of the organic-aqueous ratio was also
important. The organic-aqueous ratio was analyzed from 1 to 8, and the stripping percentage of
manganese started to decline when the organic-aqueous ratio was greater than 2. The reason was that
the acidity was insufficient to strip metal ions from the organic phase. Hence, we chose 0.05 M H2SO4

and an organic-aqueous ratio of 2 as optimal parameters.

3.4. Selective Precipitation with DMG

After the separation by using Na-Cyanex 272 as the extractant, the cobalt and manganese were
extracted from the leach liquor; on the other hand, nickel and lithium were retained in the aqueous
phase. The experiment was designed to employ DMG reagent (C4H8N2O2) to separate the nickel and
lithium efficiently. Compared with other methods [48,49], using DMG produces excellent selectivity of
Ni2+. DMG is often used as an analytical chemistry reagent and reacts with Ni2+ to form a nickel DMG
chelating precipitate. According to previous literature [39], DMG slightly precipitates cobalt at higher
pH value; however, we extracted nearly all of the cobalt in the previous solvent extraction process to
prevent this problem. Additionally, lithium cannot react with DMG, and thus the separation could be
carried out completely. The equilibrium pH value and the MRDN were investigated under conditions
of 25 ◦C, 300 rpm, and 30 min. Figure 6a shows the effect of the equilibrium pH value on the selective
precipitation of nickel and lithium. It is clear from this data that DMG was completely unreactive
toward lithium, and thus the highest precipitation percentage of nickel was the optimal parameter.
When the equilibrium pH was increased, the precipitation percentage of nickel also increased gradually
and reached almost 99.5% when the equilibrium pH value was 9; the precipitation percentage of lithium
was almost 0% relatively. However, the precipitation percentage of nickel slightly decreased at a higher
equilibrium pH value. The reason was attributed to an inadequate reaction between the nickel and
DMG chelating precipitate [39]. Figure 6b shows the effect of MRDN in the selective precipitation
process. The results indicate that when the MRDN was lower than 2, Ni2+ was not completely reacting
with DMG and only formed a small amount of red complex. Hence, the optimal MRDN was 2.
This also represented the theoretical ratio of 0.5 for the nickel DMG chelating precipitate in the process.
Furthermore, the red complex could be dissolved easily using 4 M HCl solution, and almost 100% of
the nickel was dissolved back to the solution. The acid dissolution reaction was the reverse reaction,
and DMG is essentially insoluble in strong acid; thus the DMG could be recovered by filtration and
reused as a reagent in the selective precipitation process.

3.5. Chemical Precipitation

After the solvent extraction, stripping process, and selective precipitation, four elements had
already been separated. Then, chemical precipitation was conducted to obtain the final product
under the best operational conditions found in the study. In order to obtain the highest precipitation
percentage in the experiment, pH values from 7 to 13 was investigated. In this case, the pH was adjusted
to 11 by using the saturated solution of NaOH, and cobalt was precipitated as a red precipitate, cobalt
hydroxide. The solution of manganese was precipitated by adding the saturated solution of NaOH at
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pH 13, and the manganese ions eventually totally transferred to manganese hydroxide. The nickel ion
solution could be recovered as nickel hydroxide by using the saturated solution of NaOH when the
pH value was increased up to 12. On the other hand, the solution of lithium could be recovered as
Li2CO3 by adding a saturated solution of Na2CO3; moreover, hot water could wash out the remaining
sodium ions. Finally, the purity analysis was conducted by using ICP-OES; the purity of cobalt, nickel,
and lithium products was over 99.5%, and the manganese product also achieved over 93.3% purity.

 

Figure 6. (a) Effect of dimethylglyoxime (DMG) precipitation percentage on equilibrium pH value
(reaction conditions: molar ratio of C4H8N2O2 to nickel (MRDN) of 2.5, 300 rpm, and 30 min). (b) Effect
of DMG precipitation percentage on MRDN (reaction conditions: equilibrium pH value of 9, 300 rpm,
and 30 min).

4. Conclusions

The recovery and separation processes of metals from NMC cathode waste materials has been
proven in this work to be successful and effective. The suggested recovery process is shown in Figure 7.
The NMC cathode waste materials were treated by leaching, solvent extraction, stripping, selective
precipitation, and chemical precipitation processes to recover cobalt, manganese, nickel, and lithium.
The optimal parameters obtained in leaching were 2.0 mol/L of H2SO4, 30 mL/g, 70 ◦C, and 90 min.
In this study, we used several agents and combined the advantages of each extractant and precipitating
agent to improve the recovery process. The results showed that 0.1 M Na-Cyanex 272 should first
be used as the extractant to separate cobalt and nickel under the optimal condition of pH 6, with an
organic-aqueous ratio of 1.5 and over 15 min. Then, cobalt and manganese should be separated by
using 0.2 M Na-D2EHPA at equilibrium pH 2.95, with an organic-aqueous ratio of 1.0 and over 5 min.
On the other hand, nickel and lithium can be separated by using DMG at pH 9, with the molar ratio
of DMG to Ni2+ (MRDN) of 2. Finally, the four elements can be precipitated separately by using a
saturated solution of NaOH and Na2CO3. By this process, the purity of the cobalt, nickel, and lithium
products produced was over 99.5%, and the manganese product also achieved over 90%.
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Figure 7. Suggested recovery process to separate the four metals.
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Abstract: The presence of a considerable amount of scandium in lateritic nickel-cobalt ores
necessitates the investigation of possible processing alternatives to recover scandium as a byproduct
during nickel and cobalt production. Therefore, in this study, rather than interfering with the
main nickel-cobalt production circuit, the precipitation-separation behavior of scandium during
a pH-controlled precipitation process from a synthetically prepared solution was investigated to
adopt the Sc recovery circuit into an already existing hydrometallurgical nickel-cobalt hydroxide
processing plant. The composition of the synthetic solution was determined according to the
hydrometallurgical nickel laterite ore processing streams obtained from a HPAL (high-pressure
sulphuric acid leaching) process. In order to selectively precipitate and concentrate scandium with
minimum nickel and cobalt co-precipitation, the pH of the solution was adjusted by CaCO3, MgO,
Na2CO3, and NaOH. It was found that precipitation with MgO or Na2CO3 is more advantageous to
obtain a precipitate containing higher amounts of scandium with minimum mass when compared to
the CaCO3 route, which makes further processing more viable. As a result of this study, it is proposed
that by a simple pH-controlled precipitation process, scandium can be separated from the nickel and
cobalt containing process solutions as a byproduct without affecting the conventional nickel-cobalt
hydroxide production. By further processing this scandium-enriched residue by means of leaching,
SX (solvent extraction), and precipitation, an intermediate (NH4)2NaScF6 product can be obtained.

Keywords: laterites; scandium; leaching; precipitation; solvent extraction

1. Introduction

Scandium is classified as a rare earth element, together with yttrium and lanthanides, and it is
widely distributed in the Earth’s crust without the affinity of forming exploitable, high-grade primary
scandium deposits. This geochemical nature hindered its extensive and economical production and,
up to now, it is mainly obtained as a byproduct from the hydrometallurgical processing of iron-uranium,
titanium, rare earth elements, tungsten, and zirconium ores, tailings, and residues. Depending on the
rate of recovery from these sources, its supply was reported to be only 5–12 tons/year with an unsteady
price of 2000–4500 $/kg of 99.9 Sc2O3 [1].

Although its superior performance has been reported in several publications, historically it
has only been used in applications where the performance is much more important than the cost.
Primarily, it was used in aluminum alloys as a minor alloying element (0.2–0.8%) due to its superior
contribution to mechanical, corrosion, and welding properties. Because they offer the advantage of
high strength-low weight, these alloys are mainly used in military, sporting goods, and aerospace
applications. Nowadays, there is a great demand forcing the replacement of heavier structural
components with lighter ones in applications such as airplanes and automobiles to decrease fuel
consumption and emissions. According to the estimates, aircrafts made from welded aluminum
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scandium alloys would be 15% lighter and 15% cheaper to build compared to present materials [2].
Therefore, aviation companies have already produced and tested prototypes of Al-Sc alloy components
with the aid of 3D printing technology, offering additional benefits during manufacturing.

Besides these alloys, the use of scandium in solid oxide fuel cells (SOFCs) is another important and
promising area where an urgent demand for scandium exists. The addition of scandium oxide in the solid
electrolyte of fuel cells provides many advantages in terms of cell efficiency and prolonged cell life.

Finally, the outstanding properties of scandium in laser and lighting applications, as well as its
potential use in transmission lines and the marine industry, make scandium an indispensable element.

In short, industrial applications are waiting for a sufficient, reliable, and reasonably priced scandium
supply. In the light of up-to-date information in the literature; besides the aforementioned sources in which
scandium is presently obtained, industrial wastes from aluminum and lateritic nickel-cobalt processing
seem to be a new, very abundant and promising source for the huge and urgent scandium need of
the industry in the immediate future. For example, in China, ores are generally reported as worthy of
exploitation if the Sc content ranges between 20 and 50 g/t and, recently, various lateritic nickel and cobalt
deposits were reported to contain from 50 g/t up to 600 g/t of Sc [3–5]. Therefore, this study aimed to
investigate the possibility of scandium by-production from lateritic nickel-cobalt deposits without affecting
the conventional hydrometallurgical production of the MHP (mixed nickel-cobalt hydroxide) product.

2. Previous Studies and State of the Art

In previous studies, a lateritic ore with a Sc grade of 106 g/t, was digested under high-pressure
sulphuric acid leaching and it was reported that 80.6% of scandium within the ore could be extracted
into the leach solution together with nickel, cobalt, and impurity elements [6]. After digesting the ore,
scandium was aimed to be selectively precipitated, concentrated, separated from the main nickel-cobalt
hydroxide processing circuit, and it was used as a secondary scandium source in a two-step pH-controlled
solution purification process [7].

In the first step of the solution purification, maximum iron and some of the aluminum and chromium
precipitation was obtained with minimum nickel, cobalt and scandium co-precipitation depending on the
hydrolysis behavior of ions with increasing the solution pH. For this aim, the precipitation temperature
and duration was selected to be 90 ◦C and 120 min, respectively. The pH of the slurry was adjusted
and kept constant at 2.75 by adding CaCO3 slurry. According to the analytical results given in Table 1,
iron, aluminum, and chromium impurity levels were reduced in the first step with minimum nickel, cobalt,
and scandium loss [7].

Table 1. Chemical composition of the solutions.

Element Ni Co Sc Fe Al Cr Mn Mg Cu Zn Ca
Initial Leach Solution (mg/L) 5827 371 30 1814 4317 150 2056 1369 29 74 -

After First Impurity Removal (mg/L) 4650 268 23 227 3599 98 1905 1211 28 67 570
Prepared Synthetic Solution (mg/L) 4919 266 20 102 3279 55 2244 3277 141 76 487

It was reported that only 8% scandium was lost in this step by adjusting the pH to 2.75. Therefore,
in order to test and improve the process proposed by previous researchers, a similar synthetic solution
was prepared, as given in Table 1. Alternatively, precipitation tests were conducted and compared
with different precipitation reagents to make the process more favorable.

3. Materials and Methods

A representative synthetic solution was prepared by using analytical grade chemical reagents
and deionized water in order to simulate and test the precipitation behavior of scandium as given
in previous study [7]. In addition, the pH of the stock solution was adjusted to 2.75. In the second
impurity removal and scandium precipitation tests, a four-necked glass vessel attached to a condenser,
contact thermometer, and pH meter was used during the experiments. The pH of the second impurity
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removal and scandium precipitation experiments was adjusted and kept at 4.75 at 60 ◦C for 3 h by
adding CaCO3, MgO slurry (12.5 g/100 cc water), and Na2CO3 (12.5 g/100 cc water), 1 M NaOH
solutions dropwise via a micropipette in order to prevent high local pH changes during the chemical
reactions. The amount of reagent added was recorded throughout the experiments to compare the
reagent consumption during the reactions. At the end of the experiments, the slurry was filtered
via vacuum filtration. The solid remaining after filtration was washed well with pH 4.75 deionized
water to eliminate the possibility of precipitation at a higher pH during washing. After washing,
the leach residue was dried overnight at 60 ◦C and ground for chemical analyses. For mass balance
calculations, the solid and liquid samples were analyzed by a Spectro Arcos ICP-OES analyzer
(SPECTRO Analytical Instruments GmbH, Kleve, Germany) capable of true-axial and true-radial
plasma observation. Before analysis, the solid samples were put into solution at 240 ◦C by a microwave
aqua-regia digester with a microwave power of 1300 W. In order to eliminate high salt contents,
the samples were diluted where necessary. All of the scandium was aimed to be precipitated and
concentrated in this precipitate with minimum nickel and cobalt co-precipitation. Then, preliminary
leaching and solvent extraction tests were conducted to obtain an intermediate (NH4)2NaScF6 product.
In the solvent extraction test, Baysolvex D2EHPA diluted in Ketrul D85 (kerosene) was mixed with
scandium-containing pregnant leach solution at room temperature in a beaker within 10 min and
loaded organic separated from the raffinate phase via a separation funnel. No purification steps
were conducted on the reagents utilized in SX tests. A scandium stripping test with reagent grade
ammonium fluoride solution was accomplished similarly.

4. Results and Discussion

As previously stated, the aim of the second impurity removal and scandium precipitation
experiments was to precipitate and separate all of the scandium present in the solution (20 mg/L) from
the main circuit together with remaining impurity elements before nickel and cobalt precipitation.
Therefore, minimum nickel and cobalt co-precipitation is one of the most important considerations in
this step, together with the level of impurity elements present in the solution. When the analytical
results given in Table 2 were analyzed in detail, scandium concentration in the solution after all of
the precipitation experiments decreased to a level of <1 mg/L, which indicates that the separation of
scandium from the main MHP circuit is possible with all of the precipitating reagents used during
the experiments.

Table 2. Overall chemical analyses of the precipitation experiments.

Experiment Analysis of the Initial Solution at pH 2.75

Precipitation Reagent Fe Al Cr Ni Co Ca Mg Na Sc Cu Zn Mn

mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L

- 102 3279 55 4919 266 487 3277 88 20 141 76 2242

Experiment Analysis of the Solution after Precipitation at pH 4.75

Precipitation Reagent Fe Al Cr Ni Co Ca Mg Na Sc Cu Zn Mn

mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L

CaCO3 <1 <1 <1 3863 208 596 2880 78 <1 1 23 1870
Na2CO3 <1 <1 <1 3840 209 420 2800 8602 <1 4 34 1865

MgO <1 <1 <1 4040 218 486 7642 93 <1 6 34 1952
NaOH <1 <1 0 3102 166 348 2460 7043 <1 2 20 1635

Experiment Analysis of the Obtained Precipitate at pH 4.75

Precipitation Reagent Fe Al Cr Ni Co Ca Mg Na Sc Cu Zn Mn

wt.% wt.% wt.% wt.% wt.% wt.% wt.% wt.% wt.% wt.% wt.% wt.%

CaCO3 0.43 0.71 0.11 1.74 0.06 15.6 0.05 <0.02 0.04 0.22 0.08 0.03
Na2CO3 1.01 2.06 0.29 4.48 0.15 0.04 0.26 0.63 0.10 0.63 0.11 0.20

MgO 0.91 1.85 0.22 3.39 0.12 0.03 1.55 <0.02 0.09 0.57 0.14 0.22
NaOH 0.73 1.78 0.28 6.84 0.28 0.11 0.82 1.80 0.09 0.59 0.20 0.68
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Similar to Sc, nearly all of the impurity elements Fe, Al, Cr, Cu and Zn were precipitated and
removed at the end of the precipitation reactions. So, in terms of Sc separation and Fe, Al, Cr, Cu and
Zn removal, the outcome of all of the precipitation reagents is comparable. The main difference is seen
in the increased levels of Mg and Na when MgO and (Na2CO3 or NaOH) were used instead of CaCO3,
respectively. The similar behavior may also be seen from the chemical analysis of the precipitates
obtained, as shown in Table 2. When the analytical results of the solutions were investigated in detail
for Ni and Co, it was found that Ni and Co behaved nearly similar during precipitation with Na2CO3

and CaCO3. The highest undesired Ni and Co co-precipitation was observed when NaOH was used as
a precipitant, probably due to an uncontrollable high local pH rise after the addition of 1 M NaOH
during pH adjustment. On the other hand, in terms of the lowest Ni and Co co-precipitation, the best
result was obtained when MgO was used as a precipitant. Therefore, when the different precipitation
reagents are compared in terms of impurity removal, scandium precipitation-separation, and Ni-Co
co-precipitation, the use of MgO offers more advantages during this stage of the process. The only
drawback is the increased level of Mg; however since Mg precipitates at a higher pH compared to the
co-precipitation of Ni and Co as an intermediate hydroxide product, it is predicted that the increased
level of Mg will not be a major problem in obtaining the desired mixed Ni-Co hydroxide product.

Besides obtaining the desired elemental composition in the leach solution after precipitation
treatment, it is also very important to compare the amount of reagent consumed during the reaction in
terms of operational cost and the amount of Sc in each precipitate for further treatment. For this aim,
the amount of reagent used per liter of leach solution was reported together with the percentage of
elements precipitated, listed in Table 3 for easy comparison.

Table 3. Percent precipitation of elements and the amount of reagent consumed/precipitate obtained.

Reagent Used
Fe Al Cr Ni Co Ca Mg Na Sc Cu Zn Mn

Reagent
Consumed

Precipitate
Obtained

% % % % % % % % % % % % g/L soln. g/L soln.

CaCO3 100 100 100 6.5 6.9 - - - 100 99.1 64.3 0.7 23.7 57.7
Na2CO3 100 100 100 8.7 8.1 - - - 100 97.1 48.3 1.7 21.7 20.4

MgO 100 100 100 2.3 2.5 - - - 100 94.8 46.6 1.6 11.6 25.2
NaOH 100 100 100 11.7 12.6 - - - 100 98.5 62.6 2.1 17.0 23.4

When the data given in Tables 2 and 3 were analyzed in detail, highest amount of reagent was
consumed when CaCO3 is used in order to increase and keep the pH from 2.75 to 4.75. Additionally,
when we compare the amount of precipitates obtained after the reaction, there is a drastic difference in
the amounts of these precipitates. More specifically, by using 21.7 g Na2CO3, 20.4 g precipitate was
obtained, containing, 0.10% Sc. On the other hand, by using nearly the same amount of CaCO3 (23.7 g),
the amount of precipitate increased to 57.7 g and the amount of Sc in the precipitate decreased to 0.04%
due to the increase in the amount of the precipitate. Similarly, lower amounts of MgO and NaOH
were consumed to reach the desired pH level and lower amount of precipitates were obtained having
a Sc concentration of 0.09%. In short, when MgO or Na2CO3 is used instead of CaCO3 during the
second impurity removal and scandium precipitation step, a more concentrated precipitate containing
0.09–0.10% Sc can be obtained instead of that containing 0.04% Sc. This difference is due to the
formation of gypsum (CaSO4·xH2O), which is insoluble during the precipitation reaction and leads to
increased residue weight and decreased Sc concentration. Therefore, in the light of experimental data
obtained from the precipitation reactions, it is thought that the use of MgO or Na2CO3 will be a more
suitable alternative compared to the use of CaCO3 in terms of reagent consumption and obtaining
a more concentrated precipitate, which decreases the further processing costs of Sc recovery from
this precipitate.
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Figure 1. Conceptual process flowsheet for Sc recovery via leaching, SX and precipitation from
precipitates obtained via MgO or Na2CO3 precipitation.

In order to test the possibility of Sc recovery from the obtained precipitates, only one preliminary
leaching test was conducted due to the low amount of residue obtained. During leaching, 20 g of
precipitate obtained from MgO precipitation was leached with 100 cc of 100 g/L H2SO4 solution
at 60 ◦C for 60 min. According to the leaching results, >98% of Sc dissolved into the pregnant
leach solution (PLS). After filtration, 50 cc of the obtained PLS was mixed with a 10% D2EHPA-90%
kerosene mixture at room temperature for 10 min with an organic to aqueous ratio of O/A:1/1. The SX
parameters were selected according to the previous experience obtained in the course of the European
Commission-funded Horizon 2020 SCALE Project. After separating the organic and aqueous phases,
the aqueous raffinate phase was analyzed for Sc and it was found that the Sc concentration in the
raffinate phase is <1 mg/L, implying, that almost all of the Sc present in the PLS was extracted
by D2EHPA. During this single SX test, only Fe and Al were observed to be co-extracted together
with D2EHPA, which affects the SX operation adversely. Thus, they should be removed by suitable
reagents during the scrubbing stage of the SX operation. However, in this study, due to the limited
amount of precipitate and PLS, the scrubbing behavior of impurity elements was not investigated.
As a future work, a stock loaded D2EHPA should be obtained by studying the optimum extraction
conditions to reach the minimum impurity co-extraction. In removing the co-extracted impurities,
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the scrubbing behavior of H2SO4, HCl, or H2C2O4 may be investigated as being possible scrubbing
reagents. To finalize the study, the stripping behavior of Sc-loaded D2EHPA was tested in one
preliminary test with the loaded D2EHPA obtained in the previous step. To strip and investigate
the possibility of recycling the extractant, the loaded D2EHPA was mixed with 3 M NH4F solution
at room temperature for 10 min with an O/A ratio of 1/1. According to the result of the stripping
experiment, 80% of Sc was stripped and back-extracted from D2EHPA to an ammonium fluoride
solution within one stage. Also, it was previously found in the course of the SCALE project that Sc
can be precipitated in the form of (NH4)2NaScF6 precipitate by the use of NaOH solution at pH 9.0.
So, after calcining this intermediate product, the obtained cryolite type phase (NaScF4-Na3ScF6) can be
used in aluminum electrolysis instead of Na3AlF6 to obtain Al-Sc alloys. Therefore; according to the
results of single re-leaching, solvent extraction, and stripping test, it seems that there is a possibility to
extract and recover Sc by the solvent extraction method after leaching the Sc-concentrated precipitate
obtained via MgO or Na2CO3 precipitation. For this aim, a conceptual flowsheet is given in Figure 1;
however, it should be kept in mind that the SX behavior (extraction, scrubbing, and stripping) of
Sc from the leach liquor was not studied in detail and should be verified in depth as a future work
according to the conceptual process flowsheet given in Figure 1.

5. Conclusions

In this study, the precipitation behavior of Sc and other elements originating from pressure acid
leaching of a lateritic nickel ore (106 g/t Sc) was investigated by the use of CaCO3, MgO, Na2CO3,
and NaOH as precipitation reagents. According to the experimental findings, the use of MgO and
Na2CO3 was found to be more advantageous when compared to CaCO3 to selectively precipitate,
separate, and concentrate Sc in a smaller mass up to 900–1000 g/t with a 9–10-fold increase in Sc
concentration. After investigating the precipitation behavior, the possibility of Sc recovery was tested
with preliminary experiments, and a conceptual process flowsheet is proposed in order to extract and
recover Sc independent of the hydrometallurgical nickel-cobalt processing streams. This flowsheet
presents the possibility of adopting this approach to already operating hydrometallurgical plants
instead of processing a huge volume of main HPAL streams prior to nickel-cobalt recovery, and gives
the flexibility of operating nickel-cobalt and scandium streams independently. As a future prospect,
the experimental findings of this study indicate that lateritic nickel-cobalt process streams seem to be
a valuable resource for the extraction and recovery of scandium in addition to the nickel and cobalt
value present in the ore.
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Srecko Stopic and Bernd Friedrich analyzed the data; Carsten Dittrich contributed reagents/materials; Srecko Stopic
and Bernd Friedrich contributed analysis tools; Şerif Kaya wrote the paper.
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Abstract: One of the main applications of ceria (CeO2) is its use in glass polishing. About 16,000 tonnes
of rare earth oxides, which is about 10% of total rare earth production, are used for polishing
applications. The waste generated in glass polishing contains rare earths, along with other
impurities. In this study, two different glass polishing waste samples were characterized and
two different processes were proposed for the complete recovery of rare earths from polishing
waste, i.e., an acid-based process and an alkali-based process. The polishing waste samples were
characterized with inductively coupled plasma optical emission spectrometry (ICP-OES), X-ray
fluorescence spectroscopy (XRF), X-ray diffraction (XRD), scanning electron microscopy (SEM),
thermo-gravimetric analysis (TGA) and particle size analysis. Chemical analysis showed that
sample A (CeO2-rich waste from plate glass polishing) contained a high amount of impurities
compared to sample B (CeO2-rich waste from mirror polishing). XRD analysis showed that sample B
contained CeO2, LaO0.65F1.7 and LaPO4 compounds, whereas sample A contained CaCO3 in addition
to rare earth compounds. SEM-EDX analysis showed the presence of alumino-silicates in sample
A. Leaching experiments were carried out at 75 ◦C at different acid concentrations for the recovery
of rare earths from polishing waste samples. The leaching results showed that it is difficult to
dissolve rare earths completely in acid solutions due to the presence of fluorides and phosphates.
Hence, undissolved rare earths in the leach residue were further recovered by an alkali treatment with
NaOH. In another approach, polishing waste samples were directly treated with NaOH at 500 ◦C.
After alkali treatment followed by water leaching, rare earths can be completely dissolved during
acid leaching. Rare earths from polishing waste can be recovered completely by both the acid-based
process and the alkali-based process.

Keywords: polishing waste; rare earths; waste utilization; characterization; leaching

1. Introduction

Cerium is the most abundant rare earth element (REE) [1]. The total estimated global reserves
of cerium minerals are about 30 million tonnes [2]. The current production of ceria (CeO2) is about
54,400 tonnes, which is about 32% of rare earth oxide (REO) production [3]. Cerium is mainly used in
catalysts, glass additives, polishing, ceramics, phosphors and LEDs, etc. [1]. The consumption of ceria
in glass polishing is about 16,000 tonnes, which is about 10% of total RE oxide production [4].

Ceria is the primary compound in glass polishing powder as it removes the silica from the glass
surface efficiently, not only by abrasion but also with chemical action [5]. The material removal rate is
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relatively higher and the surface is smoother when ceria based polishing powders are used compared
to other commercial polishing powders. These ceria based polishing powders generally contain La
together with Ce as there is a cost involved with separating La from Ce. Furthermore, La compounds
do not affect the polishing quality. Ce-based polishing powders are also used for polishing silicon
wafers, gems, and ceramics, etc. [4,6].

The polishing powder is used in the form of a slurry during polishing [7]. With prolonged
use of the polishing powder, the particle size distribution (PSD) changes and impurities get
accumulated in the powder during polishing and during the powder settling process from the slurry [6].
Hence, the powder can no longer be used in the polishing process due to the decrease in material
removal rates and eventually it ends up in landfill [8]. This leads to the wastage of natural resources
and causes environmental problems [9]. Therefore, the recovery of REEs is essential for the sustainable
usage of glass polishing materials.

REEs can be recovered from polishing waste by physical, physico-chemical and chemical
methods [10]. However, it is difficult to remove all the impurities by physical separation due to their
fine particle sizes. Silica and alumina can be removed from polishing waste by alkali treatment [11–14].
However, if the waste contains other impurities or the PSD changes, it can no longer be used for
polishing purposes even after alkali leaching. Therefore, acid leaching or other chemical treatments
are required to recover REEs or remove impurities. Leaching of REEs from polishing waste has been
reported by several authors [15–22]. However, there has been a lack of comprehensive characterisation
of polishing waste and the residues or intermediate products generated during the recovery process.
Furthermore, there has been no study made available on complete recovery of REEs from polishing
waste and/or its acid leach residue. In this study, two different polishing waste materials generated
from the glass polishing industry were characterised and the feasibility for the complete recovery of
REEs from polishing waste was proposed and demonstrated using two different processes. REEs can
be recovered completely from polishing waste by both acid-based and alkali-based processes.

2. Materials and Methods

Two different polishing waste samples were obtained from a mirror production industry and a
plate glass producer. The sample from glass polishing was denoted sample A and the sample from
mirror polishing was denoted sample B. These samples were dried at 105 ◦C until they reached a
constant mass. Next, the material was passed through a 90 μm size mesh to remove any foreign
matter before it was used for characterization and recovery studies. Analytical reagent grade
HCl (37%) (Sigma-Aldrich, Zwijndrecht, The Netherlands), NaOH (Sigma-Aldrich, Zwijndrecht,
The Netherlands), Na2CO3 (Sigma-Aldrich, Zwijndrecht, The Netherlands) and sodium tetraborate
decahydrate (Sigma-Aldrich, Zwijndrecht, The Netherlands) were used in the present study. Chemical
analysis of polishing waste was performed using two methods: (1) wavelength dispersive X-ray
fluorescence spectroscopy (WDXRF, Panalytical PW2400, Almelo, The Netherlands) and (2) alkali
fusion followed by acid digestion in a 1:1 (v/v) HCl solution, followed by inductively coupled plasma
optical emission spectrometry (ICP-OES, Spectro Arcos-OEP, Kleve, Germany) analysis. The alkali
fusion was carried out with a mixture of 0.5 g of polishing waste, 1.5 g of sodium carbonate and 1.5 g
of sodium tetraborate decahydrate in a platinum crucible at 1000 ◦C for 60 min. The crystalline
phase analysis of the samples was carried out by X-ray diffraction technique (XRD, Bruker D8
Discover, Bruker AXS GmbH, Karlsruhe, Germany). Scanning electron microscopy (SEM, Joel 6500F,
Tokyo, Japan) was used for studying the powder morphology. The particle size distribution (PSD)
of the samples was measured by laser particle size analysis (Microtrac S3500, Pennsylvania, USA).
The leaching experiments were carried out at 75 ◦C for 4 h and with a liquid to solid ratio of 10:1
in a vibratory shaker (VWR Thermoshake, Zwijndrecht, The Netherlands) at 600 rpm. The acid
concentration was varied from 2 to 5 M of HCl. One gram of solid sample was leached with 10 ml of
HCl solution. The leach liquor was filtered using a syringe filter (pore size 0.45 μm) and diluted with
distilled water for ICP-OES analysis. For alkali roasting studies, the sample was thoroughly mixed
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with NaOH powder by pestle and mortar. The roasting experiments were carried out at 500 ◦C for 4 h
in a nickel crucible. After roasting, samples were leached with water at 60 ◦C for 1 h for the removal of
sodium fluoride, sodium phosphate, and excess NaOH.

3. Results

3.1. Characterisation

Two different samples were chosen as one sample contained only a small amount of impurities
other than RE compounds and the other sample contained a very high amount of impurities. It is
difficult to measure the exact composition of La and Ce in a sample using XRF due to the overlapping
peaks of Ce and La. Hence, chemical analysis of ICP-OES is more accurate in finding the elemental
composition of La and Ce. Chemical analysis based on XRF and ICP-OES is reported in Table 1.
The table shows that sample A (from plate glass polishing) contained a high amount of impurities
like Ca, Si, Al, F and P. In sharp contrast, sample B (from mirror polishing) contained mainly F and P
as the main impurities. Fluoride and phosphate are used for neutralizing the basic La oxide during
polishing powder manufacturing [10]. Figure 1 shows the XRD patterns of two polishing waste
samples. It shows that REEs come in the form of oxides, oxyfluorides, and phosphates. Sample A
contains calcite (CaCO3) together with the Ce and La compounds. However, compounds consisting of
Si and Al were not observed in the XRD pattern. Nevertheless, these compounds were found in the
SEM-EDX analysis of sample A and they were observed in both fine and coarse sizes. This may be
due to their presence as amorphous compounds. The XRD peaks of the RE compounds showed peak
shifts with respect to compounds that contained one REE (Ce or La). This is due to the presence of
Ce and La together in a compound, which changes the lattice parameter (d-spacing) due to the small
difference in ionic radii. For example, the CeO2 peak was shifted from 3.136 to 3.159 Å. From this peak
shift, the concentration of La in CeO2 can be estimated [23]. It was found from the analysis that about
15–20% of La is present in the CeO2 phase. Similarly, La-oxyfluoride and La-phosphate phases have
also shifted from their original d-spacing. La preferentially forms fluoride and phosphate over Ce as
La trioxide is more basic than ceria.

Figure 2 shows the SEM micrographs of the two waste samples. RE particles are finer in sample B
compared to sample A. Particle size analysis of the two samples is shown in Figure 3. The particle size
analysis (Figure 2) shows that sample B is a fine material (<10 μm) compared to sample A (<100 μm).
Both the samples show a multimodal particle size distribution. Impurity particles in sample A are
mainly larger than 10 microns. However, these impurities were also found in the fine particle sizes
together with RE particles. The high amount of submicron particles was observed in sample B and the
particle size was decreased compared to the original polishing powder. As discussed earlier, the change
in particle size distribution may be a reason to discard sample B, though the impurity concentration is
very low in this sample. An increase in the impurity concentration is a reason to discard sample A.
The particles larger than 10 μm in sample A were mainly calcite and alumino-silicates, as shown by
SEM-EDX analysis. These compounds were also observed in the finer particle sizes (<10 μm).

The results of the thermogravimetric analyses of sample A and B are given in Figure 4. The high
amount of weight loss in sample A is due to the presence of CaCO3, which decomposes within the
temperature range 650–850 ◦C. Two different slopes were observed above 600 ◦C, which represent two
different temperatures of decomposition of CaCO3. This is due to the different sizes of calcite present
in the sample as observed from SEM and PSD analyses. The weight loss between 300 and 500 ◦C was
due to organic material present in the sample. This organic material was mainly found in particle sizes
above 100 μm.
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Table 1. Chemical analysis of polishing waste samples. Sample A (from plate glass polishing) contains
a high amount of impurities whereas sample B (from mirror polishing) contains a small amount of
impurities. Legend: ICP-OES, inductively coupled plasma optical emission spectrometry; WD-XRF:
wavelength dispersive X-ray fluorescence spectroscopy.

Elements Sample A (wt.%) Sample B (wt.%) Analysis

Ce 23.3 ± 0.7 52.2 ± 1.5
ICP-OESLa 9.1 ± 0.3 18.7 ± 0.6

F 2.3 5.9

WD-XRF

Si 2.6 0.4
Al 2.2 -
Ca 20.8 0.2
Fe 0.4 0. 6
P 0.4 0.9

Ba 0.2 0.4
Na 0.2 -
Mg 0.1 -
Ti 0.1 -
Sn 0.1 0.4
Ag - 0.2

Figure 1. X-ray diffraction (XRD) patterns of polishing waste samples. Sample A is from plate glass
polishing and sample B is from mirror polishing.

(a) (b) 

Figure 2. Scanning electron microscopy (SEM) images of the polishing waste samples: (a) sample A
shows the coarser particles and (b) sample B shows the finer particles. Sample A is from plate glass
polishing and sample B is from mirror polishing.
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Figure 3. Particle size distribution of polishing waste samples. Sample B shows finer particles, whereas
sample A shows coarser particles. Sample A is from plate glass polishing and sample B is from
mirror polishing.

Figure 4. Thermo-gravimetric analysis (TGA) analysis of the two polishing waste samples shows high
amount of weight loss in sample A compared to sample B upon heating. Sample A is from plate glass
polishing and sample B is from mirror polishing.

3.2. Ca Removal

Ca is the major impurity in sample A. It forms insoluble oxalates during selective precipitation of
RE oxalates from the leach solution and contaminates the product [24]. Hence, it needs to be removed
before the leaching of REEs from the polishing waste. Although SEM analysis shows that some of
the calcite particles are liberated from other particles, physical beneficiation is difficult due to the
small particle size of the material. Hence, CaCO3 was removed from polishing waste by HCl leaching.
Leaching was carried out with the slow addition of HCl to the slurry (Liquid to solid (L/S) ratio =
5:1) until the pH reached about 6. After leaching the residue was thoroughly washed with DI water.
The dried residue after calcium removal and the leach solution were analysed. Chemical analysis of
the residue showed that more than 98% of calcium was removed from the polishing waste without any
removal of La and Ce from the sample. This residue was used for further studies for recovering REEs.

3.3. Alkali Leaching for Al and Si Removal

Sample A contained alumina and silica as main impurities after calcium removal. If these
impurities can be removed from the waste and the material removal rate is similar to the pure
polishing powder then the polishing waste can be reused. Hence, alkali leaching was carried out
with 2.5 M NaOH aqueous solution and an L/S ratio of 10: 1 at 60 ◦C for 1 h to dissolve the Al
and Si. These conditions were applied based on the literature data [11]. However, there was little
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to no dissolution of Si and Al in the solution. This was due to the presence of alumina and silica in
compound form (confirmed from the SEM), which are difficult to dissolve in alkali solution under
ambient conditions.

3.4. Acid-Based Process

High acid concentrations and high temperatures or costly reductants are required to dissolve
CeO2 in nitric and sulfuric acid solutions [25]. Furthermore, sulfuric acid leaching requires additional
cold-water leaching treatment to dissolve RE sulphates. HCl was chosen as it can reduce the tetravalent
Ce to trivalent Ce (Reaction 1), which is easily soluble in the leach solution. Hence, hydrochloric acid
was used in the current study to dissolve REEs from the polishing powder, although it does generate
chlorine gas.

CeO2 + 4HCl = CeCl3 + 2H2O +
1
2

Cl2(g) (1)

Figure 5 shows the effect of acid concentration (2–5 M) on the recovery of REEs from two different
waste samples by HCl acid leaching. The temperature (75 ◦C) and time (4 h) were chosen for the
experiments based on literature data [10] and some preliminary experiments. The recovery of Ce
and La increased with the increase in HCl concentration. There was no significant increase in the
recovery of Ce and La above 4 M HCl. The recovery of La and Ce were lower in sample A compared
to sample B at 2 M acid concentration. This may be due to the presence of finer particles in sample
B compared to sample A. However, the highest recovery for Ce was achieved at 3 M for sample
A. Due to the fact that the Ce content was low in sample A compared to sample B, less acid was
required for its complete dissolution. The maximum recoveries of La and Ce for both samples were
between 70 to 80%. La and Ce were not completely leached due to the presence of stable compounds,
i.e., fluorides and phosphates of La and Ce. As discussed earlier, polishing waste contains REEs in the
form of oxides, oxyfluorides and phosphates. RE oxides readily dissolve during HCl leaching but RE
fluoride and phosphates are not dissolved and report to the residue. The XRD patterns of the residues
(Figure 6) show the presence of phosphate and fluoride compounds of La and Ce. Thus, according to
the following reaction, oxyfluorides reacted to form RE fluorides and partially dissolve REEs.

3REOF + 6H+ = 2RE3+ + REF3 + 3H2O (2)

REE phosphates remained unchanged during leaching. RE phosphate and fluoride can be
treated at high temperatures with sodium hydroxide to be converted to RE oxide/hydroxide.
as bastnaesite (fluoride) ores are generally treated with alkali to convert stable fluorides to oxides [1].
These RE oxide/hydroxide phases are acid soluble and hence they can be selectively recovered.
Hence, alkali treatment was carried out at 500 ◦C for 4 h with an alkali to residue ratio of 1:2. Figure 7
shows the XRD patterns of alkali treated and water leach residue samples of A and B after water
leaching at 60 ◦C for 1 h. This figure shows that most of the fluoride and phosphate phases disappeared
and converted to oxide/hydroxide phases. These samples were subsequently leached at 75 ◦C with 4 M
HCl and an L/S ratio of 5 for 1 h, and more than 95% of the REEs were dissolved into the leach solution.
REEs can be selectively recovered from the leach solution by oxalic acid precipitation. The precipitated
RE oxalates can be converted to RE oxides by calcination. If the product purity is not sufficient then
the REEs can be selectively separated by solvent extraction before the oxalic acid precipitation [1].
The acid regenerated after oxalic acid precipitation can be reused in leaching after adding make up
acid. The flowsheet for complete recovery of REEs from polishing waste by acid leaching followed by
alkali treatment is shown in Figure 8.
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(a) (b) 

Figure 5. Effect of HCl concentration on leaching of rare earth elements (REEs) from polishing waste
samples (T: 75 ◦C, t: 4 h, L/S: 10). The recovery of La and Ce was lower in (a) sample A compared to
(b) sample B at low acid concentrations. However, the maximum recoveries of La and Ce were similar
for both samples at high acid concentrations, which were about 70%. Sample A is from plate glass
polishing and sample B is from mirror polishing.

Figure 6. XRD patterns of acid leach residue show mainly the peaks of rare earth (RE) fluorides and
phosphates. Sample A is from plate glass polishing and sample B is from mirror polishing.

 
(a) (b) 

Figure 7. XRD patterns of acid leach residue samples after alkali treatment and water leaching.
(a) Sample A is from plate glass polishing and (b) sample B is from mirror polishing.

111



Metals 2019, 9, 278

Figure 8. Flowsheet for complete recovery of REEs from polishing waste by acid-based process.
This flowsheet shows that polishing waste was treated by acid leaching followed by alkali treatment.

3.5. Alkali-Based Process

As explained earlier, it is difficult to completely recover REEs from polishing waste only by acid
leaching. Therefore, in an alternative approach, alkali treatment of the polishing waste was carried out
to convert acid insoluble compounds to acid-soluble compounds. Figure 9 shows the flowsheet for an
alkali-based process for complete recovery of REEs from glass polishing waste. Alkali treatment of
polishing waste converts oxyfluorides and phosphates to oxide/hydroxides of REEs according to the
following reactions:

REOF + NaOH = NaF + RE2O3/REO2/RE(OH)3 + H2O (3)

REPO4 + NaOH = Na3PO4 + RE2O3/REO2/RE(OH)3 + H2O (4)

The waste samples were roasted with two different ratios of NaOH at 500 ◦C for 4 h. After alkali
treatment, the roasted samples were washed with water at 60 ◦C for 1 h to dissolve NaF, Na3PO4

and other water-soluble compounds. NaOH, NaF and Na3PO4 can be recovered from the solution by
evaporation/crystallization [1]. The recovered NaOH can be reused in the roasting process. Figure 10
shows the XRD analysis of two samples after alkali treatment followed by water washing. Fluoride
was not completely removed from the samples at a NaOH to sample ratio of 0.3. Most of the F and P
was removed from the samples at a NaOH to sample ratio of 0.6. The sample after alkali treatment
and water washing was dissolved in 6 M acid solution for the recovery of REEs at 75 ◦C for 4 h.
The recovery of La and Ce exceeded 95%. After filtration, the pH of the solution was raised to 5 to
remove impurities. Next, the REEs were precipitated from the solution with oxalic acid at a ratio of
REEs to oxalic acid of 1:2.

The recovered REO could be used again as a polishing agent or in other direct applications,
or, alternatively, the REO could be reduced to metallic Ce or Misch metal and form a new alloy with
other metals such as Al through molten slat electrolysis. The further processing of REO for alloy
preparation is under way and will be published in the near future.
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Figure 9. Flowsheet for complete recovery of REEs from polishing waste via an alkali-based process.
This flowsheet shows that polishing waste was treated by alkali roasting, followed by acid leaching.

 
(a) (b) 

Figure 10. XRD patterns of alkali treated and water leached samples at different alkali to polishing
waste samples (blue line: original sample; red line: alkali to sample ratio—0.3; green line: alkali to
sample ratio—0.6). Sample A (a) is from plate glass polishing and sample B (b) is from mirror polishing.

4. Conclusions

In this study, two different polishing waste materials (A and B) were analysed using XRF, XRD,
SEM, ICP-OES, PSD and TGA analyses. Sample A (plate glass polishing) contained large amounts
of impurities like Ca, Al, Si, F and P, whereas sample B (mirror polishing) contained mainly F and P.
Sample B was a finer material compared to sample A. REEs were found in the form of CeO2, LaO0.65F1.7

and LaPO4. Direct acid leaching of the samples with HCl at 75 ◦C for 4 h with a L/S ratio of 10 dissolved
only a maximum of 80% of the REEs. However, an additional alkali treatment at 500 ◦C for 4 h was
able to convert undissolved RE fluoride and phosphates to hydroxides or oxides. These hydroxides or
oxides were further purified by acid leaching followed by selective precipitation or solvent extraction,
followed by REE precipitation. REEs were also to be recovered by direct alkali treatment of polishing
waste at 500 ◦C for 4 h followed by water leaching at 60 ◦C for 1 h and subsequent acid leaching at
75 ◦C for 4 h, which yielded a REE leachability of >95%. This study shows that REEs can be completely

113



Metals 2019, 9, 278

recovered from polishing waste via both acid-based and alkali-based processes. However, a detailed
study is required to optimise the process conditions and to study the process economics.

Author Contributions: Funding acquisition, T.J.H.V., Y.Y. and S.E.O.; investigation, C.R.B.; methodology, C.R.B.,
T.J.H.V., Y.Y. and S.E.O.; resources, T.J.H.V., J.S., P.N., Y.Y. and S.E.O.; supervision, T.J.H.V., Y.Y. and S.E.O.;
writing—original draft, C.R.B.; writing—review & editing, C.R.B., T.J.H.V., J.S., P.N., Y.Y. and S.E.O.

Acknowledgments: T.J.H.V. acknowledges Nederlandse Organisatie voor Wetenschappelijk Onderzoek-Chemische
Wetenschappen (NWO-CW) for a VICI grant. C.R.B. acknowledges TU Delft for funding the 3mE Cohesion project:
“Sustainable Rare-earth Cycle”. The authors acknowledge Michel van den Brink of TU Delft for ICP-OES and PSD
analyses and Ruud Hendrikx of TU Delft for XRD and XRF analyses.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Krishnamurthy, N.; Gupta, C.K. Extractive Metallurgy of Rare Earths; CRC Press: Boca Raton, FL, USA, 2015;
ISBN 1466576383.

2. Argus Media Analysing the Changing Global Rare Earths Supply and Demand Outlook. Available online:
http://www.argusmedia.jp/~{}/media/files/pdfs/regional-specific/jp/downloads/argus-metal-pages-
forum082016-rareearths.pdf/?la=en (accessed on 16 February 2017).

3. Gambogi, J. USGS 2014 Minerals Yearbook: Rare Earths; USGS: Reston, VA, USA, 2016.
4. Tercero Espinoza, L.; Hummen, T.; Brunot, A.; Hovestad, A.; Peña Garay, I.; Velte, D.; Smuk, L.; Todorovic, J.;

Van Der Eijk, C.; Joce, C. Critical Raw Materials Substitution Profiles; Fraunhofer Institute for Systems and
Innovation Research: Karlsruhe, Germany, 2015.

5. Lucas, J.; Lucas, P.; Le Mercier, T.; Rollat, A.; Davenport, W. Chapter 12—Polishing with Rare Earth Oxides
Mainly Cerium Oxide CeO2. In Rare Earths; Elsevier: Amsterdam, The Netherlands, 2015; pp. 191–212,
ISBN 978-0-444-62735-3.

6. Binnemans, K.; Jones, P.T.; Blanpain, B.; Van Gerven, T.; Yang, Y.; Walton, A.; Buchert, M. Recycling of rare
earths: A critical review. J. Clean. Prod. 2013, 51, 1–22. [CrossRef]

7. Kasai, T.; Bhushan, B. Physics and tribology of chemical mechanical planarization. J. Phys. Condens. Matter
2008, 20, 225011–225023. [CrossRef]

8. Um, N.; Hirato, T. A hydrometallurgical method of energy saving type for separation of rare earth elements
from rare earth polishing powder wastes with middle fraction of ceria. J. Rare Earths 2016, 34, 536–542.
[CrossRef]

9. Mishima, F.; Terada, T.; Akiyama, Y.; Nishijima, S. High Gradient Superconducting Magnetic Separation for
Iron Removal from the Glass Polishing Waste. IEEE Trans. Appl. Supercond. 2011, 21, 2059–2062. [CrossRef]

10. Borra, C.R.; Vlugt, T.J.H.; Yang, Y.; Offerman, S.E. Recovery of Cerium from Glass Polishing Waste: A Critical
Review. Metals 2018, 8, 801. [CrossRef]

11. Kato, K.; Yoshioka, T.; Okuwaki, A. Study for recycling of ceria-based glass polishing powder. Ind. Eng.
Chem. Res. 2000, 39, 943–947. [CrossRef]

12. Kato, K.; Yoshioka, T.; Okuwaki, A. Recyle of Ceria-Based Glass Polishing Powder Using NaOH Solution.
Nippon Kagaku Kaishi 2000, 10, 725–732. [CrossRef]

13. Moon, W.; Na, S.; Oh, H. Method for Recycling Cerium Oxide Abrasive. U.S. Patent 20110219704A1,
15 September 2011.

14. Matsui, H.; Harada, D.; Takeuchi, M. Method for Recovery of Cerium Oxide. U.S. Patent 20130152483A1,
20 June 2013.
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Abstract: The use of organic solvents in an electrolytic system for neodymium electrorecovery by
electrolysis at low temperatures is studied in the current work. More specifically, an alternative route,
that of the system of DMSO (Dimethyl sulfoxide) with dissolved NdCl3 has been researched and
has given promising results. The study of this electrolytic system has been divided into two stages.
Firstly, the characteristics of the electrolyte, the dissolution of NdCl3 in DMSO, the conductivity
and the viscosity of NdCl3 solutions in DMSO at various temperatures, and the Nd complexation
in the solution were studied and secondly, the electrolysis parameters and their impact on the Nd
electrodeposition process were evaluated. Finally, the deposits were submitted to SEM-EDS (Scanning
Electron Microscopy-Energy Dispersive X-Ray Spectroscopy) analysis and metallic Nd was confirmed
to be electrodeposited by X-ray Photoelectron Spectroscopy (XPS) spectroscopy.

Keywords: neodymium; dimethyl sulfoxide; electrodeposition

1. Introduction

In June 2010, the European Commission published a list of 14 raw materials that are critical for
many important emerging technologies. The list was revised in 2014 and 2017, including 20 critical raw
materials [1]. In all three lists published, rare earths elements were identified as critical raw materials,
while in the last two, greater detail was provided for rare earth elements by splitting them into
heavy and light rare earth elements, and scandium. It is evident that rare earth elements are of great
interest for the European Union (EU) due to the EU’s high import dependency rate, low substitution,
and low recycling rate. Among rare earth elements, neodymium gains significant attention, since its
production is considered to be a critical technology metal mostly used for permanent magnets in wind
turbines, electric vehicles, hard-disc drives, mobile phones, and more [1–3]. The first neodymium
and neodymium alloys in industrial scale were produced by calciothermic reduction of neodymium
fluoride and chloride electrolysis. However, due to the high demand of pure neodymium for Nd2Fe14B
permanent magnets, the calciothermic reduction as a costly batch process was found to be economically
inviable for industrial production [4]. On the other hand, neodymium chloride electrolysis could
only produce mischmetal or Nd-Fe alloy [5]. It was created with a voltage 10–14 V and a current
between 1 and 25 kA, while the electrolysis bath consisted of a mixture of NdCl3-KCl-NaCl and also
an addition of LiCl [6] and CaCl2 at 1050 ◦C. The serious drawbacks of this technology are the fact
that above 1000 ◦C, large quantities of electrolytes evaporate and at the same time a high amount
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of chlorine off-gas is released, causing environmental and health issues [7]. The fluoride electrolysis
can be realized at the required temperatures, but presents similar drawbacks, such as, environmental
issues along with the constraint to use neodymium salts as raw material [5,7].

The neodymium oxide electrolysis in a fluoride bath conducted by the United States (US) Bureau
of Mines in the 1960s had a lot of problems to overcome, such as the dissolution of neodymium
oxide in the salt. The best results were presented by the system composed of NdF3 and LiF [8].
It was suggested that higher than 87% of NdF3 resulted in higher current efficiency and better metal
quality. However, the use of LiF is needed in order to decrease the melting point and boost the
electrical conductivity. In 1984 an industrial 3 kA electrolysis cell was developed in Baotou China;
it had a cylindrical shape with an inner crucible [9]. A tungsten rod was used as a cathode in the
center of the cell surrounded by a one-piece tube-like graphite cylinder acting as a consumable anode.
Neodymium was electrodeposited on the inert cathode and was dropped as liquid metal into a
collecting molybdenum crucible. The substitution of the one-piece anode to divided four-arc shaped
anode blocks made it possible to perform electrolysis continuously. This electrolysis cell type is the
most wide spread in neodymium production, and in Baotou, the design of four cathode rods inserted
vertically and surrounded by block anodes has been implemented [8,9].

During electrolysis for neodymium production, the main off-gas products are CO and CO2, along
with CF4 emissions released from the anode. The emission of CF4 is strongly enhanced when the
anode effect takes place. The emission of carbon fluorides from neodymium electrolysis can have a
significant impact on global warming [10].

The scope of the current work is the study of an alternative to molten salts electrolysis technology
for Nd reduction by using a common organic aprotic solvent, namely dimethyl sulfoxide (DMSO),
as an electrolyte and to design a potential process for the electrorecovery of metallic neodymium at
ambient temperature based on such an electrolytic system.

2. Materials and Methods

The anhydrous organic solvent DMSO was supplied by Sigma Aldrich (Saint Louis, MO, USA)
and neodymium chloride by Johnson Matthey (London, UK). The moisture content was less than
50 ppm for the anhydrous DMSO solvent according to the data provided by the company. The organic
solvent was placed over 3 A molecular sieves under vacuum for 24 h in order to eliminate the presence
of residual water. Cyclic voltammetry and electrolysis tests were performed in a three electrodes cell
connected to a VersaSTAT 3 potentiostat by Princeton Applied Research (AMETEK SI, Berwyn, PA,
USA); the obtained experimental data were analyzed with the VersaStudio software by Princeton
Applied Research (AMETEK SI, Berwyn, PA, USA). In cyclic voltammetry experiments, the working
electrode was a platinum disk of 1 mm diameter. The working electrode was polished with 1 μm
alumina paste on a velvet pad and by performing voltammetric cycles in 1 M sulfuric acid. As a counter
electrode, a Pt wire was used, immersed directly into the solution, whereas, a Pt wire was used as a
pseudoreference electrode, calibrated against the reversible couple Fc/Fc+. The ferrocene/ferrocenium
(Fc/Fc+) redox potential was recorded vs. the Pt pseudoreference electrode after the direct dissolution
of 10 mM of ferrocene in the organic solvent under study and was used as the reference potential.
In electrolysis tests, the set up used was identical, with the only difference being a copper sheet
as a working electrode, of dimensions 10 × 10 mm2, with a total reactive surface equal to 20 mm2.
Before the experiments, the Cu working electrode was polished with a series of abrasive papers.

Although DMSO is stable under normal atmospheric conditions, all electrochemical
measurements and tests were performed under inert conditions, to minimize oxygen and moisture
contamination, in an Ar atmosphere inside a Pure Lab glove box supplied by INERT (Amesbury,
MA, USA) where oxygen and moisture were kept below 20 and 50 ppm, respectively. The viscosity
of the solutions was measured with a Brookfield DV-I+LV viscometer (AMETEK SI, Berwyn, PA,
USA) supplied with an electric thermomantle. The conductivity was measured by a 4-Pt rings
electrode conductometer Si-Analytics HandyLab 200 (Xylem, NY, USA). Chemical analysis, in order
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to determine neodymium concentration in the solutions prepared, was performed by the use of an
inductively coupled plasma optical emission spectrometer (ICP-OES) Perkin Elmer 8000 Optimal
(Perkin Elmer, Waltham, MA, USA). The infra-red spectrum was collected from 650 to 4000 cm−1 on
an attenuated total reflection (ATR) module with a Perkin Elmer model FTIR Spectrum 100 (Perkin
Elmer, Waltham, MA, USA). To perform the measurement, a droplet of the sample was placed on
the ATR crystal. The morphology of electrodeposits was examined by Scanning Electron Microscope
(JEOL model 6380LV, JEOL, Tokyo, Japan), provided with an Energy Dispersive Spectrometer (JEOL,
Tokyo, Japan). The photoemission experiments were carried out in an ultra-high vacuum system
(UHV) consisting of a fast entry specimen assembly, a sample preparation chamber, and an analysis
chamber. The base pressure in both chambers was 1 × 10−9 mbar. The analysis chamber was equipped
with a hemispherical electron energy analyzer (SPECS LH-10, Scanwel, Gwynedd, UK) and a twin
anode X-ray gun for X-ray Photoelectron Spectroscopy (XPS) (Scanwel, Gwynedd, UK) measurements.
The preparation chamber consisted of an ion gun for Ar+ sputtering. The unmonochromatized Mg-Kα

line at 1253.6 eV and an analyzer pass energy of 97 eV, giving a full width at half maximum (FWHM)
of 1.7 eV for the Au 4f7/2 peak, were used in all XPS measurements. The XPS core level spectra
were analyzed using a fitting routine, which can decompose each spectrum into individual mixed
Gaussian-Lorentzian peaks after a Shirley background subtraction. The samples were in vials in an
inert atmosphere and inserted in the UHV system through a glove bag attached to the fast entry
specimen assembly of the UHV system. The glove bag was kept under continuous He flow in order to
prevent further surface oxidation. Survey scans were recorded for all samples, while the core level
peaks that were recorded in detail were: Nd3d, S2p, F1s, O1s, and C1s.

3. Results and Discussion

3.1. Study of the Electrolyte

3.1.1. Dissolution Tests of NdCl3 in DMSO at Different Temperatures

Rare earth metals are known to form strong complexes with halide anions, rendering their
dissolution a challenging task [11,12]. The halide salts in non-aqueous electrolytes present great
interest for electrorecovery applications, because they are oxidized at mild anodic potentials prior to
the oxidation of the electrolyte, thus preventing its anodic decomposition. The first point that had to
be elucidated in the system under consideration was the dissolution of the halide salt in the organic
solvent chosen as the electrolytic medium. It was decided to investigate the dissolution of NdCl3 in
DMSO. The dissolution experiments were performed in a mini-reactor of working volume V = 60 mL,
under continuous argon purging, stirring set at 300 rpm for a total duration of 24 h. The amount
of NdCl3 added to the mini-reactor was determined to be equal to the quantity needed to form a
solution of 1 M Nd concentration, if total dissolution occurred. The experiments were performed for
three selected temperatures (30 ◦C, 60 ◦C, and 90 ◦C) and samples were collected after the 1st, 3rd,
and 6th hours and at the end of the experiment in order to be analyzed by ICP-OES and to measure Nd
concentration in the solution. The chemical analyses performed showed that by the first hour almost
the total amount of Nd added in DMSO has been dissolved (Figure 1). The concentration of Nd was
stable after 3 h. Nd concentration in the final solution produced at 90 ◦C and 60 ◦C was 1 M, while it
was slightly lower for the solution produced at 30 ◦C (0.96 M).
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Figure 1. (a) Nd concentration measured by inductively coupled plasma optical emission spectrometer
(ICP-OES) for the solutions prepared and (b) the mini reactor used for the dissolution experiments.

3.1.2. Viscosity and Conductivity Study of NdCl3 and DMSO Solutions

The conductivity and the viscosity of the solutions produced after the dissolution experiments
were studied at various temperatures. Figure 2a presents the results for the viscosity measurements
performed for the solutions that were previously produced and for a dilute solution of 0.1 M Nd.
It was revealed that the more concentrated solutions present higher viscosity. The solution with 1 M
Nd, as it was anticipated, presented significant viscosity, while the dilute solution of 0.1 M Nd at
room temperature was almost 16 times less viscous than the concentrated one. It is estimated that
the higher Nd concentration leads to the complexation of Nd with the solvent’s molecules and the
subsequent formation of chemical species that contribute to the increase of the viscosity of the system
under study. As the temperature is increased, however, the viscosity of 1 M Nd solution is drastically
decreased, and at temperatures higher than 80 ◦C it is almost comparable with the viscosity of the
dilute solution of 0.1 M Nd. The increase of temperature affects, mainly, the concentrated solution and
not the dilute one, since for the latter the viscosity at room temperature is already substantially low
and it cannot be drastically further decreased. On the other hand, the conductivity measurements
that were realized for the concentrated solution (1 M) and the dilute one (0.1 M) and are presented in
Figure 2b, demonstrate that at room temperature the conductivity of the two solutions is comparable.
Nevertheless, as the temperature is increased above 30 ◦C, the more concentrated solutions exhibit
higher conductivity in comparison to the dilute solution. Apparently, higher conductivity is due to the
higher amount of charged species present in the solution. The increase of temperature has, as a result,
the consequent decrease of system’s viscosity, as it was reported previously, and, therefore, the charged
species present higher mobility. Since the concentrated solutions are present in higher amounts, they
lead to the increase of the system’s conductivity.

 
(a) 

 
(b) 

Figure 2. (a) Viscosity measurements vs. temperature (T); (b) Conductivity measurements vs.
temperature (T).
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3.1.3. FTIR Study of NdCl3 and DMSO Solutions

It is strongly recognized that the complexation of cations in a solution plays an important role in
the properties and characteristics of a potential electrolyte [12,13]. The next step of the study was to
determine the state of Nd in the prepared solutions by Infra-Red spectroscopy. The Infra-Red spectra
were collected in the range of 4000 to 650 cm−1. The spectra are presented in Figure 3 for the pure
DMSO, 0.1 M NdCl3 in DMSO, and 1 M NdCl3 in DMSO. Dimethyl sulfoxide has a sulfonyl group
and the normal absorption of the S=O bond occurs at 1050 cm−1 [13,14], as confirmed in Figure 3.
Metals can bond to DMSO either through its oxygen or its sulfur [13,15]. If the bonding is to the sulfur,
the metal donates electrons from its π orbitals into an empty π orbital on the DMSO ligand, thereby
increasing the S–O bond order. Thus, if the metal is bonded to the DMSO at the sulfur, the frequency
of the S=O absorption increases. If the bonding is to the oxygen of the DMSO, the metal forms a bond
with one of the lone pairs on the oxygen and thereby withdraws electron density from the oxygen [13].
Therefore, the S=O bond order declines and the S=O absorption appears at a lower frequency.

Figure 3. Infra-Red spectra for pure dimethyl sulfoxide (DMSO) (in blue line), DMSO_0.1 M NdCl3 (in
orange line), and DMSO_1 M NdCl3 (grey line).

Taking that into account and the FTIR spectra presented in Figure 3 for the different concentrations
of Nd, it is implied that at low Nd concentrations, Nd cations are complexated through sulfur since
a shift to increased frequency wavenumbers is observed in the spectrum. However, at higher Nd
concentrations (1 M) a difference in the complexation trend is noticed and the transmittance peak
appears at a lower frequency wavenumber, suggesting that the complexation, in this case, occurs
through oxygen.

3.1.4. Cyclic Voltammetry of NdCl3 and DMSO Solutions

The extremely negative reduction potential, Ered of Nd3+ imposes severe constraints on the
electrodeposition process. It restricts the electrolyte to aprotic materials, because the applied potential,
necessary for deposition of this element, will vigorously reduce water and other protic solvents.
DMSO has been used as a solvent in non-aqueous polarography and voltammetry and various cathodic
processes have been reported to occur [16–19]. Therefore, DMSO was selected as the electrolyte medium
because it is stable at high reducing potentials and is a good, polar solvent [19–23]. In Figure 4 the
cyclic voltammograms recorded with a scan rate of 20 mV/s at room temperature for the pure DMSO
and 0.1 M Nd in DMSO are reported. The cyclic voltammogram of the solution 0.1 M NdCl3 in
DMSO presents a reductive loop that begins when scanning the potential to values more cathodic
than −1.8 V and shapes a peak at −2.45 V vs. the reference, which is attributed to the reduction of Nd
trivalent cations to the zerovalent state. Moreover, an oxidative peak is observed in the reverse scan at
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−1.1 V that is ascribed to the oxidation of the deposited metallic Nd, implying that the overall reaction
is irreversible.

Figure 4. Cyclic voltammogramm of DMSO_0.1 M NdCl3 (solid line) and DMSO (dash line).

3.2. Study of Electrolysis Parameters

In the second phase, the parameters affecting electrolysis of Nd from solutions of NdCl3 in
DMSO were studied with the aim of concluding to the optimum conditions for Nd electrorecovery.
The parameters studied were the mode of electrolysis, the use of supporting electrolyte, concentration,
temperature, and stirring. The criteria used to determine the optimum conditions were the presence
of impurities in the electrodeposit and the mass of the electrodeposit produced after electrolysis
is performed.

3.2.1. Electrolysis Mode

Electrolysis was performed either galvanostatically or potentiostatically and by imposing potential
or galvanic pulses. The experiments were performed with dilute solutions, i.e., 0.1 M NdCl3 in DMSO.
Four experiments were performed to determine the most efficient electrolysis mode; all experiments
were performed at room temperature for a total duration of 24 h. Galvanostatic electrolysis was
performed at −0.8 μA. Potentiostatic electrolysis was performed at −2 V. For pulsed current electrolysis,
current pulses at −2 mA for t = 1 s and −0.1 μA for t = 3 s were used. Finally, for pulsed potential
electrolysis, potential pulses at −2.3 V and −1.5 V were used for the same time intervals as for pulsed
current electrolysis. After the end of each electrolysis test, the cathode was thoroughly rinsed with
acetone in order to remove the electrolyte, and the cathode was weighed. The difference between the
mass of the cathode prior to and after the end of electrolysis was considered the mass of the deposit
and is stated in Table 1.

Table 1. The mass of the deposit (in mg) for each electrochemical test performed.

Electrochemical
Mode

Galvanostatic
Polarization

Potentiostatic
Polarization

Potential Pulsed
Electrolysis

Current Pulsed
Electrolysis

Mass 3 3 8 12

The electrodeposits were evaluated by SEM-EDS analysis in order to be identified. To define
the preferable conditions for electrolysis, it was decided to take into consideration both the mass and
the quality of the deposit (presence of impurities in the electrodeposited metal). Consequently, after
the end of each electrolysis test, rinsing, and weighing, the cathode was removed from the glove box
to proceed with SEM-EDS analysis. Nevertheless, the contact with ambient conditions caused the
immediate oxidation of the electrodeposited metal forming a greyish film. The oxidized film was
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identified by SEM-EDS images and the results of the EDS analysis for the electrodeposits are reported
in Figure 5.

  

(a) (b) 

  
(c) (d) 

Figure 5. Scanning Electron Microscopy-Energy Dispersive X-Ray Spectroscopy (SEM-EDS) analysis
of the electrodeposits produced by (a) Galvanostatic polarization, (b) Potentiostatic polarization,
(c) Current pulsed electrolysis, and (d) Potential Pulsed electrolysis.

The EDS analysis confirmed the presence of Nd and O, thus permitting the assumption that
neodymium metal was electrodeposited and oxidized after the removal of the electrolyte. It was
determined from the SEM-EDS analysis and the mass of the deposit that the optimum electrochemical
mode is pulsed electrolysis since the deposits were of higher mass and of higher purity.

3.2.2. Supporting Electrolyte

As was previously stated, DMSO is a polar organic solvent, and solutions of salts can exhibit
significant conductivity. However, the use of a supporting electrolyte was tested in order to examine if
their addition can boost the electrodeposition of Nd. Aliquat 336 was used as a supporting electrolyte.
Aliquat 336 is a common ionic liquid that presents electrochemical stability, which is a prerequisite in
this application [24,25]. In addition, Aliquat 336 shares the same anion with the Nd precursors in our
system, which is the chloride anion, thus eliminating the introduction of new charged species. In the
system, DMSO 0.1 M NdCl3 Aliquat 336 was added as a supporting electrolyte in a volumetric ratio
5:1 (VDMSO/VAliquat = 5/1), and electrolysis was performed by imposing current pulses at −1.8 mA
for 1 s and −0.1 μA for 3 s. The total duration of the experiment was 24 h. After the end of electrolysis,
the electrodeposit was thoroughly rinsed, its mass was measured, and subsequently, it was submitted
to SEM-EDS analysis (Figure 6).
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(a) (b)

Figure 6. (a) SEM image and (b) EDS analysis of the electrodeposit.

The EDS analysis showed the presence of high amounts of chloride present in the deposit,
suggesting its contamination by the electrolyte. It was concluded that the use of this specific supporting
electrolyte was detrimental for the process.

3.2.3. Concentration

The electrolysis was performed by imposing current pulses −2 mA for 1 s and −0.1 μA for 3 s at
room temperature for a total electrolysis duration of 24 h. The deposits were weighed and examined by
SEM-EDS analysis after the end of electrolysis. The neodymium electrodeposited in each electrolysis
test is reported in Table 2.

Table 2. The mass of the deposit (in mg) for the three different concentration solutions (in M).

Concentration 0.1 0.5 1

Mass 12 14 19

Larger electrodeposits were found for the more concentrated solutions as is presented in Table 2.
The SEM-EDS analysis confirmed the presence of Nd and O due to the oxidation of the metal when in
contact with the air (Figure 7).

 
(a)

 
(b)

Figure 7. Cont.
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(c)

Figure 7. SEM-EDS analysis of the electrodeposits for the three different concentration solutions
(a) 0.1 M; (b) 0.5 M; (c) 1 M.

3.2.4. Temperature

Electrolysis was performed at 30 ◦C, 50 ◦C, and 70 ◦C. The electrolysis was realized by imposing
current galvanic pulses at −2 mA for 1 s and −0.1 μA for 3 s for a total duration of 5 h, and the solution
used for electrolysis was 1 M NdCl3 in DMSO. DMSO has a boiling point at 189 ◦C that permits the
increase of temperature during electrolysis. Nevertheless, there is an unavoidable evaporation at lower
temperatures that could alter the volume and by consequence the concentration of the solution. This is
the reason that electrolysis was performed for 5 h when studying the effect of the temperature, instead
of 24 h. A 24 h test could have been performed by the use of a condenser, but that would render the set
up rather difficult to install inside the glove box. The masses of the electrodeposits are presented on
Table 3.

Table 3. The mass of the deposit (in mg) produced at the three tested temperatures (in ◦C).

Temperature 30 50 70

Mass 4 4 3

As was mentioned, DMSO has a boiling point at 189 ◦C that permits the increase of temperature
during electrolysis. Furthermore, the increase of temperature is considered a simple way to boost the
rate of a reaction. Yet, in the system under study, it is observed that at temperatures above 50 ◦C the
final mass of the electrodeposit is decreased, implying that either cracking phenomena take place or
a competitive reaction, such as the decomposition of the electrolyte, happens [22]. Among the three
electrodeposits, the higher mass was measured for the electrodeposit produced at 50 ◦C.

Nonetheless, the EDS analysis performed on all three electrodeposits revealed that the increase
of temperature to 50 ◦C and 70 ◦C increased the impurities found in the electrodeposit, which is
detrimental for the process (Figure 8). Hence, it was derived by SEM-EDS analysis that the higher
temperatures enhance the incorporation of impurities from the electrolyte, and the preferable
temperature to perform electrolysis is T = 30 ◦C.
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(a)

 
(b)

 
(c)

Figure 8. SEM-EDS analysis of the electrodeposits produced at (a) 30 ◦C, (b) 50 ◦C, and (c) 70 ◦C.

3.2.5. Stirring

Current pulsed electrolysis was performed in 1 M NdCl3 in DMSO at −2 mA for 1 s and
−0.1 μA for 3 s for a total duration of 24 h at T = 30 ◦C. Under mild stirring, 21 mg of Nd were
electrodeposited, while without stirring that value was 19 mg. As it was anticipated, stirring improved
the electrodeposition rate, whereas the deposit in both cases did not present contaminations from the
electrolyte (Figure 9).

(a) (b)

Figure 9. SEM-EDS analysis of the electrodeposits produced (a) without and (b) with stirring.

3.3. Optimum Conditions

Taking into consideration the results from the study of electrochemical parameters, the optimum
conditions for electrolysis were defined. The pulsed electrolysis provided the most satisfying results,
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while the use of supporting electrolyte did not improve the behavior of the system. The more
concentrated solutions produced larger deposits. The higher temperatures enhanced the incorporation
of impurities from the electrolyte, thus, the preferable temperature was T = 30 ◦C, while stirring
enhanced the electrodeposition of Nd. Electrolysis was performed in the optimum conditions and the
electrodeposit was examined by X-ray Photoelectron Spectroscopy in order to confirm metallic Nd
electrodeposition. The deposits, after the end of electrolysis, were rinsed and stored inside the glovebox
under inert conditions in sealed serum bottles, to perform XPS measurements. The photoemission
survey showed the presence of the atoms Nd, O, C, and S. For that reason, Ar+ sputtering cycles
(2 kV, 1.2 × 10−6 mbar Ar) were performed, in order to remove the first atomic layers, and after
the first sputtering cycle, no sulfur or carbon was detected, thus revealing that their presence was
due to inadequate electrolytes removal from the surface of the deposit and not due to a deposit’s
contamination. In Figure 10, the spectrum shown with a black line, which is collected before sputtering
cycles, shows the Nd 3d peak of the sample, and the binding energy of Nd3d5/2 is at 983.3 eV and is
attributed to the Nd2O3 chemical state. It is obvious that the sealing of the samples after preparation
in the serum bottles as well as the introduction to the UHV chamber using a glove bag is not enough
to avoid the oxidation of the surface. Sputtering caused the appearance of a second peak component
assigned to Nd0 as evidenced by the XPS measurements. In Figure 10, the spectra of Nd3d collected
after different periods of sputtering cycles of the sample are presented and show that a second peak at
~3 eV lower binding energy appeared, which is assigned to the Nd0 chemical state [26], thus confirming
that metallic Nd is electrodeposited.

Figure 10. X-ray Photoelectron Spectroscopy (XPS) core level spectra of Nd3d of the electrodeposit
after introduction in UHV before and after Ar+ sputtering for 2 min, 4 min, 40 min, and 120 min.

4. Conclusions

In the present study, the use of an organic solvent was investigated as a potential electrolytic
medium for the reduction of drastic metals of high technological and economic importance, such as Nd.
The high-temperature molten salts electrolysis that is the current technology used for the production
of Nd is an energy-intensive process with a severe environmental impact. The experimental results
showed that NdCl3 can be dissolved rapidly in the aprotic organic solvent DMSO and produce
concentrated solutions. In the first part of the study, the viscosity, the conductivity, the way Nd is
complexated with the electrolyte, and the electrochemical behavior of the electrolytic system were
presented, while in the second part, the research was focused on defining the optimum conditions
for electrolysis. The study of the electrolysis parameters revealed that pulsed electrolysis, at low
temperatures, under stirring exhibited the best results, and the deposit produced was identified by XPS
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analysis, and it was confirmed that metallic Nd was electrodeposited indicating that the metallurgical
process under development is promising.
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Abstract: To separate and recover the valuable metals from low-grade REE (rare earth elements)–Nb–Fe
ore in China, the reduction characteristics of carbon-containing REE–Nb–Fe ore pellets, including mineral
phase variation, reduction degree, and reaction kinetics, were observed based on thermogravimetry
experiments. The results showed that the reduction and separation efficiency of valuable metals in the
carbon-containing pellets were superior to the ones in the previous non-compact mixture. After the
reduction roasting of the pellets at 1100 ◦C and a subsequent magnetic separation, the iron powder
with a grade of 91.7 wt % was separated, and in magnetic separation tailings the grades of Nb2O5

and (REE)O were beneficiated to approximately twice the grades in the REE–Nb–Fe ore. The reaction
rate of the reduction of the carbon-containing pellets was jointly controlled by the carbon gasification
reaction and the diffusion of CO in the product layer with an activation energy of 139.26–152.40 kJ·mol−1.
Corresponding measures were proposed to further improve the kinetics condition.

Keywords: Bayan Obo; REE–Nb–Fe ore; carbothermal reduction; kinetics

1. Introduction

Bayan Obo ore, Inner Mongolia in China is a well-known multimetallic iron ore deposit, which
accounts for 35% of the world’s REE reserves and 5.5% of the world’s Nb reserves, in addition to abundant
iron ore [1]. After a dressing process, most of the Fe (~70%) and a part of REE (<10%) could be recovered [2].
Meanwhile, tailings containing iron oxides, REE oxides ((REE)O) and Nb2O5 become a precious secondary
resource (~190 million tons). To recover the valuable metals from the tailings, some particular dressing
processes have been employed to improve the grade of valuable metals. For example, the grade of Nb2O5

was enhanced from 0.14 wt % to ≥3 wt % using a combined dressing process including forth flotation and
magnetic separation. However, the grade of REE–Nb–Fe ore beneficiated from the tailings could still not
meet the requirements of the Nb industry and REE industry [3]. To separate and recover valuable metals
from the low-grade REE–Nb–Fe ore, a process comprising of reduction roasting, magnetic separation, and
sulfuric acid (H2SO4) leaching was proposed in our previous investigation [4]. In this process, a large
quantity of iron was separated from the ore as direct-reduction iron (DRI) via reduction roasting and
magnetic separation. The mass fractions of Nb2O5 and REE oxides in the magnetic separation tailings
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were also significantly increased by these treatments. Subsequently, Nb and REE were recovered in the
leaching of the magnetic separation tailings with a H2SO4 solution.

In our previous investigation, the REE–Nb–Fe fine ore and pulverized coal were mixed and then
roasted in a graphite crucible at an optimal temperature. Although a desirable reduction was obtained,
the loading pattern of the non-compact mixture is adverse to industrial production for the following
reasons. Firstly, the loosely mixed powders are found to be inconvenient for transporting and feeding.
Secondly, the gap between fine ore and pulverized coal enhances the diffusion resistance of the reducing
agent, which limits the reduction rate. Thirdly, excess carbon is added to ensure the sufficient reduction
reaction of iron oxides. Lastly, the generated dust easily blocks the equipment and contaminates the
environment. Overmatching the non-compact mixture, the composite pellets of ore and carbon can be
reduced at moderately high temperatures to produce DRI within a rotary hearth furnace (RHF), which
has been proven to be environment-friendly and economically viable for the recycling of the industrial
wastes which are rich in iron [5,6]. To improve the reduction process, the carbon-containing pellets were
prepared through a pressure molding with the mixture of the REE–Nb–Fe fine ore and the pulverized
carbon. The reduction and separation efficiency of valuable metals was also evaluated. Following this, the
reduction kinetics of the carbon-containing REE–Nb–Fe pellets was studied using thermogravimetry to
improve the reduction efficiency in this work.

2. Experimental Section

Table 1 shows the composition of the low-grade REE–Nb–Fe ore which was obtained from Bayan Obo
tailings. The pressure-forming pellets were prepared by adding 0.35–0.50 mL water into the uniform mixed
powders, which are comprised of REE–Fe–Nb ore powders (6.13 g) with a particle size of <0.096 mm, and
graphite powders (0.87 g, w(C) ≥ 99.85%) with a particle size of <0.074 mm. A pressure of 30 MPa was
applied to the mold via the pressure-forming device, as shown in Figure 1. Finally, the pellets were heated
at 110 ◦C for four hours. Considering the reduction reaction of the iron oxides and the carburization of the
iron product, the molar ratio of carbon and oxygen (only in iron oxides) in the pellets is 1.2.

Table 1. Chemical composition of the low-grade REE–Nb–Fe ore (wt %).

T.Fe FeO P F SiO2 CaO MnO MgO

44.36 1.35 0.13 2.04 7.17 2.79 0.38 0.6

Na2O K2O TiO2 Al2O3 S Sc2O3 Nb2O5 (REE)O

0.85 0.55 5.82 0.21 1.48 0.036 3.04 2.91

Figure 1. Pressure-forming pellet device (1—Pellet mold; 2—Piezometer; 3—Oil jack; 4—Pressure bar;
5—Pressure support).
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The thermogravimetry experiments were carried out in a vertical tube furnace shown in Figure 2,
where silicon-molybdenum resistances were used as heating elements. The inner diameter of the furnace
tube is Φ50 mm. The accuracy of the thermo-gravimetric electronic balance is ±0.1 mg. When the
temperature of the heating zone in the furnace reached the desired temperature (950 ◦C, 1000 ◦C, 1050 ◦C,
1100 ◦C, 1150 ◦C), the furnace was flushed with nitrogen gas at 4 L·min−1. Afterwards, the corundum
crucible with 3 pellets (21 g) was hung underneath an electronic balance with molybdenum wire.
The weight of the samples was recorded at a time interval of 30 s via a computer. It took approximately
300 s for the samples to reach the desired temperature according to the temperature variation measured
with Thermocouple II. After the weight data was stabilized for 300 s, the corundum crucible was taken out
and cooled via argon gas.

Figure 2. Experimental apparatus of thermogravimetry used in the roasting process (1—Electronic balance;
2—Molybdenum wire; 3—Thermocouple I; 4—Control device; 5—Thermocouple II; 6—Heating element;
7—Graphite basket; 8—Atmosphere control device).

To observe the micrograph of the roasted pellets via scanning electron microscope (SEM), the pellet
specimens were mounted in epoxy resin, ground by silicon carbide papers and polished with diamond
paste to expose the core cross section. The polished samples were then coated with gold for compositional
and microstructural analysis. To separate the Fe from the reduction products, a magnetic separation was
carried out in a magnetic tube with a magnetic flux density of 50 mT after milling. The content of Fe in the
iron powder magnetically separated from the pellets was determined using the potassium dichromate
volumetric method. To measure the content of Nb and REE, the magnetic separation tailing samples
were digested with HNO3–HF–HClO4 and analyzed by inductively coupled plasma-optical emission
spectrometry (ICP-OES). The detection limit of ICP-OES is 10 μg·L−1.

3. Results and Discussion

3.1. Mineral Phase Variation and Separation Efficiency of the Valuable Metals

Figure 3 shows the SEM images of the core cross-section of the roasted pellets at various temperatures.
The chemical composition of different positions obtained by energy dispersive spectroscopy (EDS) analysis
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is shown in Table 2. There was no apparent metallic iron at 950 ◦C as the temperature was assumed to
be not high enough for thorough carbothermal reduction. The residual carbon content in the pellets was
relatively high (as shown at point A), and the greyish white color appeared to be silicate mineral phases
(as shown at point B). At 1000 ◦C, metallic iron was discovered (as shown at point C) which formed a local
iron crystal, and pyrochlore ((Ca,Na,Ce)2(Nb,Ti)2O6(F,OH)) (as shown at point D) inlaid in the silicate
phase. At 1050 ◦C and 1100 ◦C, the reduced iron covered the surface of the ore phase and formed a large
area of an iron crystal (as shown at point E and point F). At 1150 ◦C, the low-melting ore phase with high
fluorine content started to melt, slag formed locally (as shown at point G), accompanied by crystallization
(as shown at point H), and a large area of iron crystal (as shown at point I) was trapped inside the slag.

 

Figure 3. SEM images of the core cross-section of the roasted pellets.
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Table 2. EDS results of the characteristic points in the roasted pellets (mass fraction, %).

Analysis Point C O F Si Ca Ti Fe Nb Ce Nd

A 98.68 - - - - - 1.32 - - -
B - 27.03 3.23 18.60 10.19 12.89 4.98 8.87 6.44 -
C 11.54 - - - - - 88.46 - - -
D - 19.29 2.50 0.72 13.61 16.85 4.21 31.85 6.14 4.63
E 7.61 - - - - - 92.39 - - -
F 7.12 - - - - - 92.88 - - -
G 4.45 20.37 22.32 10.52 22.45 7.88 1.88 1.99 3.49 -
H 5.03 31.82 - 9.79 9.47 22.41 1.47 2.41 8.98 4.37
I 7.29 - - - - - 92.71 - - -

After reduction at 1150 ◦C, a fragmented Nb-enriched region with a particle size smaller than 2 μm
can be found around the metallic iron phase. Figure 4 shows the EDS results of the local surface scanning
for the reduced pellet at 1150 ◦C. The green area is metallic iron and Nb enriched in the cavity of the iron
phase. The EDS analysis of point J shown in Table 3 shows that the fragments are comprised of niobium
and carbon with a small amount of titanium and iron. It was further deduced that the fragments are NbC
through a comparison between the XRD patterns of magnetic separation tailings after reduction at 1150 ◦C
and pure NbC, using the data of PDF-65-7964., as shown in Figure 5.

 

Figure 4. EDS results of the local surface scanning for the reduced pellet at 1150 ◦C.
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Table 3. EDS results of point “J” in the reduced pellet at 1150 ◦C.

Analysis Point C Ti Fe Nb

J 18.11 2.63 2.64 76.62

Figure 5. A comparison between the XRD patterns of the magnetic separation tailings and pure NbC.

Figure 6 shows the relationship between the temperature and the Gibbs free energy change of the
carbothermal reduction reaction of niobium oxides under the standard conditions. The Gibbs free energy
changes of the reactions in Figure 6 were obtained by calculation in virtue of the thermodynamic data
in reference [7]. According to Figure 6, the reduction process of niobium oxides follows the sequence
of Nb2O5 → NbO2 → NbC, which has been confirmed by Shimada et al. through their carbothermal
reduction experiments [8]. Firstly, Nb2O5 was reduced to NbO2, and the skip-level reduction reaction from
Nb2O5 to NbO, with a higher Gibbs free energy change, is demonstrated to be inexistent. Then, NbO2 was
reduced to NbC instead of NbO, because the Gibbs free energy change of NbC formed by the carbothermal
reduction of NbO2 is apparently lower than that of the NbO formation from NbO2. According to the
experimental results, NbC formed through the reduction of niobium oxide in the reduction of the carbon
pellets in the REE–Nb–Fe ore at 1150 ◦C. Since NbC is insoluble in inorganic acids, NbC generated during
the reductive roasting process could not be leached efficiently during the subsequent sulfuric acid leaching
process, which affects the recovery efficiency of Nb. Therefore, the reduction temperature of carbon pellets
in the REE–Nb–Fe ore should be less than 1150 ◦C in order to avoid the formation of NbC.
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Figure 6. The relationship between the temperature and Gibbs free energy change of the carbothermal
reduction reaction of niobium oxides.

Figure 7 shows the grade and the recovery of Fe in the iron powder magnetically separated from
the carbon-containing pellets and in the non-compact mixture after reduction roasting, respectively.
Compared to the non-compact mixture, the loading pattern of pressure-forming pellets increases the
separation efficiency of Fe, including the grade and the recovery, naturally. The grade and recovery
both increase with the increasing temperature. Meanwhile, niobium and rare earth elements were better
beneficiated in the magnetic separation tailings. As shown in Figure 8, the grades of Nb2O5 and (REE)O
in the magnetic separation tailings from pressure-forming pellets are higher than the ones from the
non-compact mixture due to the higher separation efficiency of Fe and the lesser amount of unreacted
carbon. In the carbon-containing pellets, the lower carbon addition leads to less unreacted carbon after
reduction roasting. After the reduction roasting of the pellets at 1100 ◦C and the magnetic separation,
the iron powder with a grade of 91.7 wt % was obtained, and the grades of Nb2O5 and (REE)O in the
magnetic separation tailings were beneficiated to 6.06 wt % and 5.87 wt %, approximately twice the grades
in REE–Nb–Fe ore, respectively.

Figure 7. Grade and recovery of Fe in the iron powder.
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Figure 8. Grades of Nb2O5 and (REE)O in the magnetic separation tailings.

3.2. Reduction Degree at Different Temperature

It was shown in our previous work [4] that, at ≤1100 ◦C, iron oxide is the sole metallic oxide in
REE–Nb–Fe ore which can be reduced by carbon. At the initial stage of the roasting process, REE–Fe–Nb
ore particles contacted with graphite particles directly. So iron oxides were reduced by carbon, shown as
Equations (1)–(3). With the generation of CO, iron oxide can be further reduced by CO which is shown as
Equations (4)–(6). Following this, the gasification reaction of carbon (Boudouard reaction) happens, shown
as Equation (7) [9]. Man et al. investigated the Boudouard reaction kinetics using the thermogravimetric
method at a constant heating rate; the rate of the Boudouard reaction increases significantly at >920 ◦C [10].
Meanwhile, the generation of metallic iron on the surface of the ore particles isolates the iron oxides and
graphite particles. Therefore, CO replaces C as the actual reductant by diffusion through the iron product
layer at high temperature [11]. We can obtain Equation (8) by summing Equations (4)–(7). Therefore, the
weight loss of the carbon-containing pellets becomes the weight loss of the carbothermal reduction of iron
oxides. Based on the weight-loss method, the reaction fraction, f, which represents the reduction degree of
iron oxides can be calculated using Equation (9) [11].

3Fe2O3 + C = 2Fe3O4 + CO (1)

Fe3O4 + C = 3FeO + CO (2)

FeO + C = Fe + CO (3)

3Fe2O3 + CO = 2Fe3O4 + CO2 (4)

Fe3O4 + CO = 3FeO + CO2 (5)

FeO + CO = Fe + CO2 (6)

C + CO2 = 2CO (7)

FexOy + C = FexOy−1 + CO (8)
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f =
ΔWt

ΔWmax
=

(W0 − Wt)

WO · MCO
MO

× 100% (9)

where, f is the reaction fraction, ΔWt is the weight loss at the time of t (g), ΔWmax is the maximum
theoretical reduction weight loss (g), W0 is the initial weight of the pellets (g), Wt is the weight of the
pellets at the time of t (g), WO is the oxygen weight of the iron oxides in the pellets (g), MCO is the molar
mass of the carbon monoxide (g·mol−1), and MO is the molar mass of the oxygen (g·mol−1).

The changes in the reaction fraction in the roasting process are shown in Figure 9. If all of the iron
oxides were reduced to metallic iron, the weight loss of the pellets should reach the expected maximum
weight loss (ΔWt = ΔWmax = 6.09 g), and f should be 100%. However, the maximum value of f in the
roasting process is 92.6% at 1100 ◦C, as shown in Figure 9, which means the iron oxides cannot been
thoroughly reduced to metallic iron. Moreover, the reduction reaction rate increases significantly with the
increasing temperature. At 1100 ◦C, the reduction degree reaches >90% within 30 min, which is far less
than the reaction time (180 min) required in our previous work with the loading pattern of the non-compact
mixture. Hence, the reaction efficiency vastly improves using carbon-containing pellets.

Figure 9. Variation of reaction fraction at different times in the roasting process.

3.3. Kinetic Analysis of Reduction Reaction

As stated in Section 3.1, the reduced iron covered the surface of the unreacted ore and formed a large
area of iron crystal. Thus the reduction reaction process of the particles in the carbon-containing pellet can
be described via the shrinking unreacted core model, as shown in Figure 10. The carbothermal reduction
process includes the following:

(a) The gasification reaction of carbon;
(b) The external diffusion of CO/CO2 through the gas phase boundary layer;
(c) The internal diffusion of CO/CO2 through the iron product layer;
(d) The interfacial reduction reaction of iron oxide particles.

It is generally recognized that the diffusion of CO/CO2 through the gas phase boundary layer is too
fast to become the restrictive link of the reduction rate at a high temperature [12]. To discuss the kinetics
of the reduction reaction, we assumed that (1) the pellet was isotropic, and that the ore particles and the
carbon particles uniformly distributed; (2) the temperature gradient and gas phase concentration gradient
were negligible; and (3) the temperature change of the pellets at the initial stage (~300 s) was insignificant.
According to the above analysis and assumption, the reduction reaction kinetics can be described by three
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models according to the restrictive links of rate, as shown in Table 4, where, f is the reaction fraction until
time t, k is the apparent reaction rate constant (s−1), and t is the reaction time (s).

 

Figure 10. Schematic diagram of the reduction reaction process.

Table 4. Kinetics models of the reduction reaction.

Model Restrictive Link of Reaction Rate Equation No. References

I Gasification reaction of carbon −ln(1 − f ) = kt (10) [13]
II Interface reaction between CO and iron oxides 1 − (1 − f )1/3 = kt (11) [14]
III Diffusion of CO in product layer 1 − 2/3f − (1 − f )2/3 = kt (12) [15]

As shown in Figure 11, the data of −ln(1 − f ), 1 − (1 − f )1/3and 1− 2/3f − (1 − f )2/3 at different
times in the roasting process was calculated according to Equations (10)–(12) in Table 4 and then linearly
fitted, and the rate constant k, equal to the slope of the fitted line, was obtained. The rate constant k and
the correlation coefficient R2 of the linear fitting are listed in Table 5. As can be seen, Model I and Model III
have good linear relations with time t, whose correlation coefficients are higher than those of Model II.
Hence, it can be predicted that the reaction kinetics may be governed by the gasification reaction of carbon
or by the diffusion of CO/CO2 in the product layer.

To determine the restrictive link of the reaction rate further, the apparent energy was calculated based
on the Arrhenius equation, Equation (13).

ln k = ln A − E
RT

(13)

where, A is the frequency factor, E is the apparent activation energy (J·mol−1), and R is the gas constant,
8.314 (J·mol−1·K−1).
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Figure 11. Linear fitting of different kinetics models.
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Table 5. Calculated parameters of the linear fitting.

Model Temperature, ◦C Time, min k, s−1 R2

I

950 0~129 1.26 × 10−2 0.9822
1000 0~85 2.59 × 10−2 0.9977
1050 0~67 3.86 × 10−2 0.9952
1100 0~46 5.91 × 10−2 0.9992

II

950 0~129 3.48 × 10−3 0.9700
1000 0~85 6.68 × 10−3 0.9880
1050 0~67 9.56 × 10−3 0.9807
1100 0~46 1.43 × 10−2 0.9894

III

950 0~129 8.64 × 10−4 0.9991
1000 0~85 1.96 × 10−3 0.9961
1050 0~67 2.99 × 10−3 0.9985
1100 0~46 4.59 × 10−3 0.9952

In theory, there is a linear relation between lnk and T−1. Therefore E and A can be obtained from the
slope and intercept of the line fitted with lnk and T−1, as shown in Figure 12. The activation energy E is
found, for Model I and Model III, to be 139.26 kJ·mol−1 and 152.40 kJ·mol−1, while the frequency factor A is
12,027.01 and 3064.19 for Model I and Model III respectively. Walker et al. [16] recommended 360 kJ·mol−1

as the true activation energy for the reaction of carbon with dioxide, and the approximate values of the
activation energy were obtained by Rao [14] (301 kJ·mol−1) and Fruhen [17] (293–335 kJ·mol−1). It has
also been said that the apparent activation energy is about half of the true value when the reaction is
controlled by both pore diffusion and chemical reaction [16]. Consequently, the reaction kinetics of the
carbon-containing pellets in our work are co-controlled by the carbon gasification reaction and the diffusion
of CO in the product layer, according to the activation energy at 139.26–152.40 kJ·mol−1.

Figure 12. Cont.
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Figure 12. Relationship between lnk and T−1 for Model I and Model III.

To improve the reduction kinetics of carbon-containing pellets, two methods can be applied:
(1) instead of graphite powders, choosing carbonaceous powders with higher activity such as coal, coke,
semi-coke, etc. as the reductant; (2) grinding the ore powders to a finer granularity to restrict the thickness
of the product layer and to reduce the diffusion resistance.

3.4. Process Flow

Based on the above observations, a modified process can be proposed, as presented in Figure 13.
Firstly, the low grade REE–Nb–Fe ore and carbonaceous powders, such as coal, coke, semi-coke, etc., were
finely grinded, homogeneously mixed and pressure-forming briquetted into the carbon-containing pellets.
Secondly, the reduction roasting of the pellets was carried out within a rotary hearth furnace at 1100 ◦C,
and the metallized pellets were obtained. Then, the metallized pellets were smashed and magnetically
separated. Finally, the iron powders with a high grade (>90%) and recovery rate (>80%) were obtained,
and Nb2O5 and (REE)O were beneficiated into the magnetic separation tailings with approximatively
twice the grades of REE–Nb–Fe ore. Subsequently, Nb and REE can be extracted from the magnetic
separation tailings using a hydro-metallurgical method, such as the aforementioned H2SO4 leaching
process, or another pyro-metallurgical method. Compared to the non-compact mixture, the loading pattern
of the pressure-forming pellets is convenient for transporting and feeding, and the roasting reduction of
the carbon-containing pellets in RHF is highly efficient, economical, and environment-friendly.
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Figure 13. Flow sheet of the modified process.

4. Conclusions

To adapt to the requirement of industrial production and improve the reduction efficiency,
the carbon-containing REE–Nb–Fe ore pellets were prepared through a pressure molding to replace
the non-compact mixture used in our previous work. The mineral phase variation and separation
efficiency of valuable metals was evaluated. The carbothermal reduction kinetics of the pellets was
studied using thermogravimetry.

The separation efficiency of valuable metals in the carbon-containing pellets was superior to that of
the ones in the previous non-compact mixture. After the reduction roasting of the pellets at 1100 ◦C and
after a magnetic separation, the iron powder with a grade of 91.7 wt % was separated. The grades of Nb2O5

and (REE)O in magnetic separation tailings were beneficiated to 6.06 wt % and 5.87 wt %, respectively,
approximately twice the grades in REE–Nb–Fe ore. The reduction kinetics of the carbon-containing
pellets were jointly controlled by the carbon gasification reaction and the diffusion of CO in the product
layer, with an activation energy of 139.26–152.40 kJ·mol−1. The carbonaceous powders with a higher
activity and the ore powders with a finer granularity were proposed to improve the reduction kinetics of
carbon-containing REE–Nb–Fe ore.
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Abstract: Ceria is the main component in glass polishing powders due to its special physico-chemical
properties. Glass polishing powder loses its polishing ability gradually during usage due to the
accumulation of other compounds on the polishing powder or due to changes in the particle size
distribution. The recovery of cerium from the glass polishing waste results in the efficient utilization
of natural resources. This paper reviews processes for the recovery of rare earths from polishing waste.
Glass polishing powder waste can be reused via physical, physico-chemical or chemical processes by
removing silica and/or alumina. The removal of silica and/or alumina only improves the life span up
to some extent. Therefore, removal of other elements by chemical processes is required to recover a
cerium or cerium-rich product. However, cerium leaching from the polishing waste is challenging due
to the difficulties associated with the dissolution of ceria. Therefore, high acid concentrations, high
temperatures or costly reducing agents are required for cerium dissolution. After leaching, cerium
can be extracted from the leach solution by solvent extraction or selective precipitation. The product
can be used either in glass polishing again or other high value added applications.

Keywords: cerium; flotation; glass polishing waste; gravity separation; leaching; precipitation;
rare-earths; recycling; reuse; solvent extraction

1. Introduction

1.1. Rare-Earth Elements

Rare-earth elements (REEs) are a group of 17 chemically similar elements that include the
lanthanides, yttrium and scandium. Rare-earth elements are divided into light rare-earth elements
(LREEs), ranging from lanthanum to europium, and the heavy rare-earth elements (HREEs), ranging
from gadolinium to lutetium, and yttrium [1]. Total worldwide production of REEs is about 130,000 t
out of which 80% of REEs are produced in China [2]. Primary production of REEs generates large
amount of pollution such as radiation, acid effluents generation, fluoride contamination, etc. [3].
Some of the REEs (Pr, Nd, Eu, Tb, Dy and Y) are important for the low carbon economy, as they are
used in wind turbines, electric vehicles, and energy efficient lighting. These elements comes under
the list of critical elements due to the supply risk [4]. However, cerium and lanthanum are not on the
critical elements list as they are over produced during critical REEs production [5].

Cerium

Cerium is the most abundant element in all REEs [1]. Principal ores of cerium are the minerals
bastnasite ((REE)CO3F), monazite ((Ce,La,Nd,Th)PO4), loparite ((Ce,Na,Ca)(Ti,Nb)O3) and lateritic
ion-adsorption clays [6]. The total global cerium containing mineral reserves are estimated to be
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30 million tons [7] and the current production of ceria (CeO2) is about 54,400 t (32% of RE oxides).
Current price of CeO2 is about 3 USD/kg [6]. Important applications of cerium includes catalysts, glass
additives, polishing, ceramics, phosphors, LEDs etc. [1]. About 40,000 t of RE oxides are consumed by
glass industry, out of which about 16,000 tons are being used for polishing applications [8].

1.2. Glass Polishing Powder and Its Applications

The hardness of the polishing powder plays very important role in glass polishing [9].
The hardness of polishing powder should be similar to the glass to avoid deep penetration of the
polishing grains and formation of large grooves. The average hardness for some glasses and polishing
powders are listed in Table 1. In addition to hardness, the polishing rate is also an important factor
for the selection of the polishing powder. The polishing rate of glass depends on the isoelectric pH
(pH level where the zeta potential is zero) of the polishing powder. Silvernail found a relation between
isoelectric pH of different oxides with respect to their polishing rates [10], which is shown in the
Figure 1. Being an amphoteric oxide, ceria can exchange both cations (Na+, Ca2+, etc.) and anions
(silicate, phosphate, etc.). Based on the two criteria (isoelectric pH and hardness), ceria is the best
polishing agent compared to other oxides such as zirconia and alumina.

Table 1. Hardness values of different polishing powders and different type of glasses [9].

Polishing Powder
Hardness

(Mohs Scale)
Type of Glass

Hardness
(Mohs Scale)

Diamond 10 Silica 7
Alumina 9 Soda lime 5.3
Zirconia 8 Borosilicate 5.8

Ceria 7–8 Lead 4.8

Figure 1. Relation between isoelectric pH (where the concentrations of positively and negatively
charged species at the surface are equal) of different polishing compounds with respect to glass
polishing rate data. Reproduced from Cook [10], with permission from Elsevier, 2018.

The composition of different glass polishing powders available from the literature is provided
in Table 2. The name glass polishing powder is a misnomer as this polishing powder is also used
in polishing the silicon wafers, gems and ceramics. The use of cerium compounds as a polishing
agent started in the 1930’s [8,11]. Prior to 1990’s, the growth was mainly due to the demand from the
production of CRT screens. Since the 1990’s, the demand is rapidly increased due to the rapid growth of
electronic products, which require high quality polishing. Seventy five percent (75%) of glass polishing
powder is consumed in traditional glass applications (including display panels, flat glass and optical
glass) and around 25% in electronic components. The specific application of glass polishing powders

148



Metals 2018, 8, 801

include glass, precision glass lenses, glass display panels, liquid crystal displays, glass magnetic
memory disks, silicon wafers etc. [9]. A detailed list of applications can be found elsewhere [9].

Table 2. Chemical composition of different glass polishing powders.

Oxide La2O3 CeO2 Pr6O11 Nd2O3 Reference

wt%

31.5 65 3.5 - [5]
34.2 43.8 3.4 10.9 [12]

- 62.1 - - [13]
0–35 50–99 0–5 0–15 [14]

- 30–99.9 - - [9]

1.3. Production of Glass Polishing Powder

Ceria-based polishing powders are usually prepared by thermal decomposition of cerium oxalates,
hydroxides, acetates, or carbonates [15]. A fluorination step (with HF or NH4F) is typically performed
to control the particle size range of the polishing powder [9], or to fix the basic La2O3 [16]. Next,
sintering (annealing or calcination) is carried out at about 1000 ◦C to promote the final crystallization
and required hardness. Sintering can increase the particle size, therefore, one or several milling steps
(dry or wet) are applied to get suitable mean particle size (<5 μm), and a relatively sharp particle size
distribution [9,11]. The presence of other rare earths hardly influences the polishing efficiency of the
powder [15]. However, the polishing efficiency is mainly affected by calcination time and temperature,
particle size, CeO2 reactivity, additives (l-proline, l-glutamic acid etc.) and particle impurities [11].

The presence of strongly basic lanthanum oxide is likely to cause clogging of a polishing pad
during polishing [16]. Therefore, the basicity is decreased by the addition of fluorine to form LaOF.
The fluorine content in the polishing powder is preferred within a range from about 3 to 9 mass %.
If the fluorine content is low, it is not possible to sufficiently change lanthanum oxide to lanthanum
oxyfluoride (LaOF) [16]. If the fluorine content is too high, the excess rare earth fluoride is likely to
undergo sintering during firing, which is undesirable [16].

1.4. Polishing Process

A schematic representation of the polishing process with a polishing slurry is shown in Figure 2.
In this process, a wafer is polished on a polishing pad using a ceria based slurry. The abrasive
particles in the slurry (5–10% of solids) [17] polishes the wafer surface with chemical-mechanical action
(tribo-chemical polishing or chemical mechanical polishing (CMP) or planarization). During polishing
the grinding process is enhanced by chemical interactions between polishing grains (Ce4+ and Ce3+)
and the glass substrate (Si-O-H) [18]. These interactions lead to bridge formation (Si–O–Ce) between
the glass and the abrasive particles, allowing the detachment of the glass material [19]. Water plays an
important role in polishing by providing the hydroxyl ions [10].

1.5. Glass Polishing Powder Waste

The waste slurry generated after glass polishing contains cerium and other REEs (lanthanum,
neodymium, and praseodymium), iron, aluminium, zinc, sodium, silicon, etc. [12,13,20–30].
The concentration of the elements other than REEs depends on the chemical composition of the glass,
additives (pH modifiers, dispersing agents, etc.) and flocculants [9,24,26]. The abrasive properties of
the polishing powder gradually diminishes due to the enrichment of the slurry with other elements
and affects the quality of the product adversely. The waste slurry generated after polishing is sent for
settling the solids by flocculation, followed by filter press separation. The solid cake formed after the
filter press ends up in landfills [26]. This leads to loss of valuable REEs. Furthermore, disposal of glass
polishing waste incur costs.
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Figure 2. Schematic representation of a wafer polishing process using glass polishing powder slurry as
a polishing medium.

Recycling of the polishing waste not only aids to the enhanced utilization of natural resources,
but also makes recycling of valuable REEs possible. Recovery and recycling of metals from waste
generally consumes less energy and results in less environmental impact when compared with primary
production from an ore [31]. Furthermore, it also saves the disposal cost. The recovered cerium can
be converted to cerium metal and can be used in high value aluminum and magnesium alloys and
steels [32–34]. This generates highly added value from the waste and closes metal loops.

Due to the high prices and limited supply of cerium oxide since 2010, highly efficient polishing
technologies that consume less amount of cerium oxide are being developed [17]. These new
processes have shorter polishing times, smaller amounts of slurry and slurry re-use where possible.
This decreased the polishing powder consumption by 30–50% [35]. Different types of medium hard
alumina can also be replaced with ceria for some low-end purposes [8].

Recycling of polishing waste is limited in Europe and USA, however in Japan and China this
is significant [36]. Nevertheless, most of the recycling operations are currently stopped due to large
price fluctuations of REEs [36]. Therefore, the new processes developed for recycling should be easily
managed with small waste streams and with maximum recovery [26]. However, it is difficult to recover
REEs from glass polishing waste as it is not easy to treat the waste chemically or physically [37].
The particle size distribution plays an important role in polishing [5]. Hence, the morphology of the
regenerated powder from glass polishing waste should be according to the specifications, if it is reused
in polishing process.

2. Characterization of Glass Polishing Waste

The chemical composition of different glass polishing waste samples are shown in Table 3.
The waste mainly contains cerium together with other rare earths and impurities. Some of the waste
contains fluorine and phosphorus which is due to the presence of fluoride and phosphate compounds
of rare earths, which are very stable compounds and are not soluble in acid solutions at ambient
conditions [25]. As mentioned earlier, iron and aluminum are present in the polishing waste due to the
hydrolysis of the flocculants like aluminum chlorides and iron chlorides that are used in the settling
of solids from slurry [12]. The presence of other rare earths in the polishing powder may be due to
the costs associated with the complete separation of cerium from other rare earths. Neodymium and
praseodymium content in the polishing waste is lower in the recent studies when compared to older
studies [12,13,20–30]. This may be due to the new process development or process improvement in
recent years for separating the adjacent rare earths. This is also due to the high value of neodymium
and praseodymium compared to cerium. The presence of fluorine is due to the fluorine treatment
(with ammonium fluoride or HF) of the powder during processing in order to increase the CeO2

concentration in the solid solution [38], or to control the particle size range [9], or to neutralize the
basic lanthanum oxide [16].
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Polishing waste is a very fine material with d50 around 2 μm [29] and 100% of the particles are
less than 9 μm. A typical SEM image of a polishing waste sample is shown in Figure 3. Kato et al.
found that the cerium is in the form of CeO2 and La2O3.CeF3 [12]. However, the peaks are shifted due
the substitution of cerium with other rare earths. Poscher et al. [24] found that 21% of cerium is in the
form of fluorobritholite and monazite. In a recent study Borra et al. [39] found CeO2, LaO0.65F1.7 and
LaPO4 phases in a polishing waste sample.

Table 3. Chemical composition of different glass polishing waste samples available in the literature.

Compound, wt%
Reference

CeO2 La2O3 Pr6O11 Nd2O F (elem.) SiO2 Al2O3 Fe2O3 Na2O P2O5 ZnO K2O CaO PbO

1 8.8 1.5 - - - 57.6 1 - 13.3 - 2.0 6.9 2.9 - [23]
2 69 8 - 1 - 11 1.3 - 1 2 2 - 1 - [24–26]
3 49–80 1–10 - 0.1–0.8 - 5-10 - 1.4–2.9 - - 1.2–2.5 - - 1–2 [27]
4 54 - - - - 12 - - - - - - - - [13]
5 22.3 17.7 1.41 0.21 1.8 0.1 11.5 0.2 - - - - 9.3 - [28]
6 48.4 23.5 - - 3.7 0.6 8.1 0.9 0.4 0.7 0.1 - 0.3 - [29,30]
7 60 25.8 13.6 (elem.) 15.3 (elem.) [20]
8 22.1 17.8 2.30 5.1 - 12.6 24.8 - - - - - - - [12]
9 50 28 7.4 4 9.5 0.6 - 0.3 - 0.1 - - 0.7 - [21]

10 38 28 3.8 10 12 1.7 - 0.2 - 1.7 - - 1.3 - [22]

Figure 3. SEM image of a glass polishing waste sample shows fine particles. Reproduced from Kato et
al. [12], with permission from American Chemical Society, 2018.

3. Recovery of Polishing Powder (Cerium Compounds)

As explained earlier, the polishing ability of the powder decreases after several uses. This is
shown in the Figure 4. This figure also shows the effect of different kinds of polishing powders on
surface roughness of the glass. It can be observed from the figure that after the removal of silica and
alumina (by alkali treatment), polishing powder can be reused in polishing as the surface roughness is
similar to fresh polishing powder.

Cerium can be reused or recycled from glass polishing waste by physical, physico-chemical
and/or chemical methods [26,40]. Figure 5 shows an overview of different processes used for reusing
and recycling of rare earths from polishing waste. Table 4 summarizes the different studies carried out
on polishing waste to recover and recycle rare earths. It also gives details of reagents used and the
conditions applied.
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Figure 4. Effect of different polishing agents on glass polishing: the surface roughness (Ra/μm) as a
function of polishing time. Adapted from Kato et al. [12], with permission from American Chemical
Society, 2018.

Figure 5. Different processes used for recovery of rare earths from glass polishing waste for reusing
and recycling applications.

3.1. Physical Separation

Silica can be removed from polishing waste by physical or physicochemical separation processes
like sieving, gravity separation, flotation, selective flocculation, etc. Kato et al. and Sato and Kato
developed an elutriation method for removing silica [40]. In this process, the glass particles sank
rapidly from polishing slurry in a first tank followed by slow separating (three days) of the supernatant
solution in a second tank for settling the polishing powder particles.

Kim et al. partially removed the glass particles from waste by flotation with citric acid aqueous
solution at pH ~1.5 [29]. These authors found that application of ultrasound enhances the removal of
silica during flotation. Liang et al. applied flotation using sodium dodecylsulfate as a collector [40].
The authors were able to recover over 99% of REEs from a synthetic mixture of REOs and glass.
However, the recovery was only 40% with a purity of 44% (35% in feed sample) when they used real
slurry. Japan Oil, Gas, and Metals National Corporation (JOEGMEC) studied the removal of flocculants
by homogenization followed by removing coarse particles with sieving [40]. In this study fine particles
were dispersed with shearing dispersion followed by filtration using a vibrating membrane. It was
proposed that the fines generated after the filtration can be used in glass polishing again.

Polishing waste can be reused after silica removal up to some extent, if the particle size distribution
is similar to the original polishing powder. However, it is difficult to remove all the silica particles
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as the particle size is very small (<5 μm). Due to van der Waals forces, it is difficult to separate silica
from polishing waste selectively. Therefore, chemical separation processes are required for further
purification (for silica and/or other elements removal).

3.2. Chemical Separation

3.2.1. Alkali Leaching—for Reuse of Polishing Powder

Alkali leaching is mainly used for the removal of silica and alumina from the polishing waste.
The following reactions take place during the leaching [12].

SiO2 + OH− � HSiO3
− (1)

Al(OH)3 + OH− � Al(OH)4
− (2)

Kato et al. removed most of Al2O3 and SiO2 from glass polishing waste by treating it with
4 mol/kg of NaOH at 50–60 ◦C for 1 hour [12]. These authors removed the residue (product) from the
leach solution by centrifugation and also produced zeolites from the leach solution by heating it to
100 ◦C [12,41]. The flowsheet proposed by Kato et al. is shown in the Figure 6.

Kim et al. [29] removed the remaining glass in the waste after a flotation treatment by NaOH
leaching with a pH level of 11.5. These authors proposed to reuse the slurry in glass polishing after
silica removal as the particle size distribution matches with the original glass polishing slurry. However,
the alumina content is still high (about 9%) compared to silica (0.5%). Low removal rate of alumina
was observed in this study compared to the previous study by Kato et al. [12]. This may be due to the
type of alumina compound or the leaching conditions.

Moon et al. [20] proposed to use sodium fluoride during NaOH leaching to enhance the leaching
by forming Na-F-Si-O structure. These authors also claim that the addition of NaF and Na2CO3 during
leaching helps in solid liquid separation as the particles of Na-F-Si-O are easy to separate from the
ceria particles. Matsui et al. added 0.5% of aluminum sulfate to promote solid-liquid separation
(flocculation) after leaching [13]. These authors also proposed to treat the leach residue with nitric acid
(pH 5.8) for complete removal of alkali compounds.

Figure 6. Alkali leaching of polishing powder for the recovery of polishing powder followed by
recovery of silica and alumina as zeolite from leach solution. Adapted from Kato et al. [12], with
permission from American Chemical Society, 2018.
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Removal of glass particles by sieving, flotation, and/or alkali leaching can increase the lifespan
of polishing powder to some extent [23]. However, the removal of silica and/or alumina alone is
insufficient as the increase in concentration of other elements like zinc, calcium, sodium, etc. adversely
affects the product quality after several cycles [25]. The main problem with alkali leaching is that it
needs large scale facilities and generate high volumes of alkaline waste water [40]. Therefore, complete
removal of impurities or dissolution of cerium into the leach solution followed by cerium recovery
is required. This will be described and discussed in Section 3.2.2 (acid leaching) and Section 3.2.3
(REEs recovery).

3.2.2. Acid Leaching—for REE Recovery

Direct Leaching

Cerium dioxide is sparingly soluble in most of the acids at ambient conditions [48]. The solubility
of CeO2 in acids solutions is further reduced due to the high temperature sintering (annealing) at
600 to 1000 ◦C of the powder before its application in polishing [23]. Therefore, leaching needs to be
carried out in concentrated acid solutions and/or at elevated temperatures. Different acids such as
HCl, HNO3, H2SO4 and HF can be used for leaching of glass polishing waste. HF acid can be used for
removal of silica. However, it has some disadvantages like residual HF, which reacts with the glass
surface and roughen the surface during polishing, and HF is also hazardous [13]. Sulfuric acid is a
low cost reagent and less corrosive. However, the solubility of rare-earth sulfates is very low in leach
solutions and the solubility decreases with increasing the temperature. The decrease in solubility is due
to the exothermic nature of the rare-earth sulfate dissolution [29,37]. In the following, four different
direct leaching methods are briefly discussed.

• Concentrated H2SO4 leaching: After removal of silica from glass polishing waste by flotation and
after alkali leaching, Kim et al. performed oxidative roasting on dried samples at 600 ◦C to convert
cerium compounds to CeO2 [29]. Cerium was leached from the roasted mass by concentrated
sulfuric acid solution at 60 ◦C. These authors claimed that high amount of oxidation of cerium
oxide dissolves more cerium in to the leach solution. However, for a small increase in cerium
recovery (about 10%) the roasting of the powder is difficult to be justified.

• Concentrated H2SO4 digestion—water leaching: Poscher et al. [25] digested polishing powder
with conc. sulfuric acid (>96 wt%) at temperatures above 100 ◦C. During digestion the slurry
was solidified. The digested material was subsequently leached with water to dissolve rare
earth sulfates.

• Two stage H2SO4 leaching: Um et al. leached a synthetic mixture with sulfuric acid in two stages
for selective recovery of cerium [37]. In the first stage, the mixture was treated with 2 mol/dm3

sulfuric acid at 90 ◦C for leaching La, Nd, Pr and Ca. In the second stage, the leach residue from
first stage was treated with 12 mol/dm3 and 120 ◦C. After leaching, the leach solution was diluted
with water to dissolve Ce(SO4)2.

• HCl leaching: Yamada et al. [40] were able to recover cerium selectively by using 1.4 kmol/m3 HCl
at 55 ◦C. The recovery of cerium is about 65% and that of lanthanum is very low. From this study
it looks that cerium can be selectively dissolved. However, the recovery of cerium or lanthanum
mainly depends on the presence of different compounds [25]. For example, if the lanthanum
is present in a fluoride phase then it is difficult to dissolve. However, part of lanthanum in
oxyfluoride may dissolve during leaching according to the following reaction.

LaO0.65F1.7 + 1.3HCl � 0.433LaCl3 + 0.566LaF3 + 0.65 H2O (3)

The recovery of cerium and/or lanthanum in some studies is low due to the fact that part of the
cerium and lanthanum are present in stable compounds like fluorides or phosphates.
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Acid Leaching Together with a Reductant

As discussed earlier, leaching of CeO2 directly is difficult. Therefore, the use of a reductant
can help for easier dissolution and in decreasing the acid concentration and leaching temperature.
Potassium iodide [42] and H2O2 [23–25,27] are used as reductants during acid leaching of glass
polishing waste so far. The reaction involved during the reductive leaching of CeO2 with H2O2 is

2Ce4+ + H2O2 � 2Ce3+ + 2H+ + O2 (4)

Poscher et al. leached the polishing waste with HCl and H2O2. More than 97% of cerium was
recovered by using concentrated acid [24]. These authors proposed that the lanthanum leaching is low
due to the presence of fluorine compounds. The optimized conditions are: liquid-to-solid ratio of 5.5,
acid concentration of 32% at 80 ◦C for 4 h duration.

An industrial process was developed by Hydrometal, Belgium for the recovery of cerium from
glass polishing waste by reductive leaching of glass polishing powder with nitric acid together with
H2O2 [27]. The flowsheet developed by Hydrometal is shown in Figure 7. The Ce4+ concentration in
the leach solution was monitored during leaching using ORP (oxidation/reduction potential) detector.
Nitric acid was used as a lixiviant as it is selective towards silica and alumina. The authors used a higher
temperature (~80 ◦C) for the diffusion of the acid in to silica matrix and also for enhancing filtration.

Janoš et al. [49] were able to leach the glass polishing waste (~60% CeO2) in nitric acid and H2O2

solution without any external heating. However, with low cerium content (~9%) the external heating
is necessary to maintain the temperature (65–70 ◦C) [23]. The leaching recovery of cerium was around
70%. In an another study, Janoš et al. [42] studied the leaching of polishing waste with hydrochloric
acid and potassium iodide. 15–35% HCl was added together with 10–20% excess of potassium iodide
during leaching. These authors claimed that the leaching was complete in 15–60 min.

Figure 7. Flowsheet developed by Hydrometal for recovery of rare earth oxides from polishing waste
by leaching followed by selective precipitation. Adapted from Henry et al. [27].

3.2.3. Recovery of REEs from Polishing Waste Leach Solutions

Different methods that are used for the recovery of cerium from a leach solution include: double
salt precipitation, oxalate precipitation, carbonate precipitation, hydroxide precipitation and solvent
extraction followed by precipitation. Separation of individual REEs from a mixture is difficult due to
the similar physical and chemical properties. Separation of rare earths are generally carried out by
solvent extraction using following steps: (1) rare earth separation in a trivalent state, (2) separation
of rare earths into three or four groups, (3) selective recovery of cerium using its tetravalent state,
(4) separation of the desired individual rare earth of required purity [1,50].

Lanthanum and cerium are next to each other in the periodic table and their stability constants
are very close, therefore their complexation behavior is also very similar [51]. Hence, it is difficult to
separate them completely in trivalent state as hundreds of stages of mixers and settlers are required in
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solvent extraction. Nevertheless, cerium separation is the easiest as it can be oxidized to tetravalent
state, which has different chemical properties compared to trivalent rare-earth ions. Figure 8 shows
the individual and overlapped cerium and lanthanum Pourbaix diagrams. The overlapped Pourbaix
diagram shows a window where cerium can be selectively precipitated by keeping lanthanum in the
solution [52]. However, in a recent study, Marsac et al. found more accurate hydrolysis constants
for cerium system [53]. This may slightly change the stability regions of different species in cerium
Pourbaix diagram.

Cerium can be oxidized and precipitated as tetravalent state in alkaline solution even with air [29].
Other oxidants that may convert Ce(III) to Ce(IV) are persulfate, permanganate, lead oxide, silver oxide
or by electrochemical or photochemical oxidation [29].

Poscher et al. precipitated cerium and lanthanum from the solution by 27% excess oxalic acid
addition [24]. The precipitated oxalates are calcined at 650 ◦C to convert oxalates to respective oxides.
The solution obtained after oxalic acid precipitation is reused in leaching, after impurity removal
by precipitation [27]. Poscher et al. proposed to selectively precipitate cerium from solution with
an oxidizing treatment and pH adjustment [24]. This oxidizing agents include H2O2 or potassium
permanganate. However, oxidants other than H2O2 may contaminate the product with the reaction
product of the oxidizing agents [24,29]. After cerium removal by oxidation, lanthanum can be removed
by oxalic acid treatment. Cerium was also recovered from the solution by a mixture of CO2 and
NH3 [23]. The obtained carbonate can be converted to oxide by calcination from 200 to 900 ◦C.
The carbonate can also be prepared by precipitation of an aqueous solution of cerous nitrate (0.2 mol/L)
with an excess of ammonium bicarbonate (0.5 mol NH4HCO3/L) [54].

 

 
Figure 8. Individual and overlapped Pourbaix diagrams of cerium and lanthanum. The overlapped
Pourbaix diagram of lanthanum (gray lines) and cerium (black lines) show the region where cerium
can be selectively precipitated in aqueous solutions. La and Ce concentrations are 10−3 mol/L each.
Reproduced and adapted from Kim and Osseo-Asare [52], with permission from Elsevier, 2018.
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Kim et al. [29] removed other REEs from cerium by double sulfate precipitation with sodium
sulfate at 50 ◦C and 90 min. The authors were able to recover over 62% cerium in solution at Na2SO4/RE
ratio of 0.5 with La/Ce ratio of 0.0307. Yoon et al. separated rare earths from aluminum by double
salt precipitation with Na2SO4 at 50 ◦C for 1 h [47]. Um and Hirato precipitated NaCe(SO4)2·xH2O
from CeO2 by sulfuric acid leaching in presence of Na2SO4 at about 125 ◦C [46,48]. In another study,
Um and Hirato proposed to produce rare earth hydroxide from NaCe(SO4)2·xH2O with the help of
NaOH followed by oxidation of Ce(OH)3 to Ce(OH)4. In the next step, the authors proposed to leach
rare earths other than Ce at higher pH values (2.5 to 3.5). Cerium with high selectivity was leached in
the following step with sulfuric acid [44].

Yamada et al. [40] extracted cerium preferentially over lanthanum using D2EHPA and PC-88A
reagents. The authors were able to extract cerium selectively with 50% PC-88A at pH 1.24 with a
selectivity of about 2.5.

3.2.4. Other Processes for REE Recovery

Ozaki et al. separated cerium and other REEs from glass polishing waste by a chemical transport
method [21,22]. A Cl2-N2 gaseous mixture was used for carbo-chlorination together with active carbon.
The following reactions of cerium and other lanthanides (Ln) takes place during the carbochlorination:

Ln2O3 + 2C + 3Cl2 � 2LnCl3 + 3CO (5)

2CeO2 + 4C + 3Cl2 � 2CeCl3 + 4CO (6)

After chloride conversion, rare-earth chlorides were exposed to Al2Cl6 gas to form low volatile
(LnAl3Cl12) complexes. At low temperatures (457–947 ◦C) these complexes dissociates and forms
rare-earth chlorides. By this process RE chlorides were successfully separated from CO gas and
other chlorides. However, it is difficult to separate individual REEs, because of their similar chemical
properties due to same oxidation state and similar ionic radii.

Yoon et al. developed a sulfation process to convert (decompose) rare earth compounds in the
polishing waste to their respective sulfates at 250 ◦C in presence of sulfuric acid [47]. The sulfated
roast was leached in water at 50 ◦C and able to recover rare earths completely. Wang et al. studied
the sulfation process using TGA and FTIR [28]. The recovery yield in their process was about 95%.
These authors found that rare earth oxides decompose at 250 ◦C and rare earth oxyfluorides decompose
at 300 ◦C. The temperature in TGA is higher for complete decomposition when compared to the study
of Yoon et al. This difference may be due to non-isothermal heating used in TGA.

4. Applications of Recovered Cerium

Large quantities of cerium can be generated by treating the current glass polishing waste and
waste from landfills. Currently, the recovered cerium is reused in polishing process [36]. However,
the recovered cerium can also be used in other applications such as redox flow batteries, oxidimetric
agent and as a catalyzer [37]. Janoš et al. [54] transformed polishing powder waste into phosphor
elimination adsorption material, which could effectively eliminate the phosphate in sewage. The
recovered cerium can also be used for preparing valuable Al-Ce alloys [32]. Cerium as an alloying
element in aluminum increases the strength at room temperature as well as at high temperature. Hence,
these alloys can be used for IC engines. These engines with Al-Ce alloys can be operated at higher
temperatures that increase the fuel efficiency. Application of cerium in aluminum alloys can also
address the so-called balance problem [32].

5. Conclusions

Large quantities of cerium in glass polishing waste are being lost in landfills. The life of glass
polishing waste can be increased by removing silica with physical beneficiation and/or alkali leaching
processes. However, it is difficult to remove silica completely by physical beneficiation processes
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alone. Silica and alumina can be removed from polishing waste by alkali leaching. Nevertheless, an
increase in the concentration of impurities other than alumina and silica affects the polishing process,
and thus complete removal of impurities is required. Another alternative is to recover all REEs as
oxides or RE metals/alloys from the polishing waste. Cerium and other REEs can be recovered
from glass polishing waste by acid leaching processes followed by extraction from leach solutions.
However, high acid concentration and/or temperatures or costly reagents (reductants) are required
during leaching. Furthermore, part of cerium and/or lanthanum are present in the form of fluoride
and phosphates and they report to residue during leaching. Hence, an extra processing step is required
for complete recovery of rare earths. Cerium can be extracted from solution by precipitation or
separated by solvent extraction. The extracted cerium can be used in glass polishing or other high value
added applications.
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Recovery of Cerium Dioxide from Spent Glass-Polishing Slurry and Its Utilization as a Reactive Sorbent for
Fast Degradation of Toxic Organophosphates. Adv. Mater. Sci. Eng. 2015, 2015, 241421. [CrossRef]

24. Poscher, A.; Luidold, S.; Antrekowitsch, H. Extraction of cerium and lanthanum from spent glass polishing
agent. In Materials Science & Technology 2013; London, I.M., Goode, J.R., Moldoveanu, G., Rayat, M.S., Eds.;
Canadian Institute of Mining, Metallurgy and Petroleum: Montréal, QC, Canada, 2013; pp. 543–552.

25. Poscher, A.; Luidold, S.; Schnideritsch, H.; Antrekowitsch, H. Extraction of Lanthanides from Spent Polishing
Agent. In Proceedings of the ERES2014-1st European Rare Earth Resources Conference, Milos, Greece,
4–7 September 2014; pp. 209–222.

26. Poscher, A.; Luidold, S.; Schnideritsch, H.; Antrekowitsch, H. Extraction of Lanthanides from Spent Polishing
Agent; Elsevier Inc.: San Diego, CA, USA, 2015; ISBN 9780128023280.

27. Henry, P.; Lamotte, S.; Bier, J. Recycling of rare earth materials at Hydrometal (Belgium). In 52nd Conference
of Metallurgists (COM), Hosting by Materials Science Technology Conference (MS&T); London, I.M., Goode, J.R.,
Moldoveanu, G., Rayat, M.S., Eds.; Canadian Institute of Mining, Metallurgy and Petroleum: Montréal, QC,
Canada, 2013; pp. 537–542.

28. Wang, X.; Liu, J.; Yang, Q.; Du, J.; Wang, F.; Tao, W. Decomposition process and kinetics of waste rare earth
polishing powder TG-DTA-FTIR studies. J. Therm. Anal. Calorim. 2012, 109, 419–424. [CrossRef]

29. Kim, J.Y.; Kim, U.S.; Byeon, M.S.; Kang, W.K.; Hwang, K.T.; Cho, W.S. Recovery of cerium from glass
polishing slurry. J. Rare Earths 2011, 29, 1075–1078. [CrossRef]

30. Byeon, M.S.; Kim, J.Y.; Hwang, K.T.; Kim, U.; Cho, W.S.; Kang, W.K. Recovery and purification of cerium
from glass polishing slurry. In Proceedings of the 18th International Conference on Composite Materials,
Jeju, Korea, 21–26 August 2011.

31. Kumar, V.; Jha, M.K.; Kumari, A.; Panda, R.; Kumar, J.R.; Lee, J.Y. Recovery of Rare Earth Metals (REMs) from
Primary and Secondary Resources: A Review. In Rare Metal Technology 2014; Neale, R., Neelameggham, N.R.,
Alam, S., Oosterhof, H., Jha, A., Wang, S., Eds.; Wiley: San Diego, CA, USA, 2014; pp. 81–88.

32. Sims, Z.C.; Weiss, D.; McCall, S.K.; McGuire, M.A.; Ott, R.T.; Geer, T.; Rios, O.; Turchi, P.A.E. Cerium-Based,
Intermetallic-Strengthened Aluminum Casting Alloy: High-Volume Co-product Development. JOM 2016,
68, 1940–1947. [CrossRef]

33. Willbold, E.; Gu, X.; Albert, D.; Kalla, K.; Bobe, K.; Brauneis, M.; Janning, C.; Nellesen, J.; Czayka, W.;
Tillmann, W. Effect of the addition of low rare earth elements (lanthanum, neodymium, cerium) on the
biodegradation and biocompatibility of magnesium. Acta Biomater. 2015, 11, 554–562. [CrossRef] [PubMed]

34. Pan, F.; Zhang, J.; Chen, H.-L.; Su, Y.-H.; Kuo, C.-L.; Su, Y.-H.; Chen, S.-H.; Lin, K.-J.; Hsieh, P.-H.;
Hwang, W.-S. Effects of rare earth metals on steel microstructures. Materials 2016, 9, 1–19. [CrossRef]
[PubMed]

35. Lucas, J.; Lucas, P.; Le Mercier, T.; Rollat, A.; Davenport, W. Epilogue. In Rare Earths; Elsevier: Amsterdam,
The Netherlands, 2015; pp. 351–362. ISBN 9780444627353.

36. Lucas, J.; Lucas, P.; Le Mercier, T.; Rollat, A.; Davenport, W. Chapter 18—Rare Earth Recycle; Elsevier:
Amsterdam, The Netherlands, 2015; pp. 333–350. [CrossRef]

37. Um, N.; Hirato, T. Dissolution Behavior of La2O3, Pr2O3, Nd2O3, CaO and Al2O3 in Sulfuric Acid Solutions
and Study of Cerium Recovery from Rare Earth Polishing Powder Waste via Two-Stage Sulfuric Acid
Leaching. Mater. Trans. 2013, 54, 713–719. [CrossRef]

38. Lebedeva, M.I.; Dzidziguri, E.L.; Argatkina, L.A. Research of structure and polishing properties of
nanopowders based on cerium dioxide. In Nanostructures, Nanomaterials, and Nanotechnologies to Nanoindustry;
Apple Academic Press: Waretown, NJ, USA, 2014; pp. 215–225.

161



Metals 2018, 8, 801

39. Borra, C.R.; Vlugt, T.J.; Yang, Y.; Offerman, S.E. Characterisation of glass polishing waste samples.
In Proceedings of the ERES 2017: The Second Conference on European Rare Earth Resources, Santorini,
Greece, 28–31 May 2017; pp. 215–216.

40. Tanaka, M.; Oki, T.; Koyama, K.; Narita, H.; Oishi, T. Recycling of Rare Earths from Scrap, 1st ed.; Elsevie:
Amsterdam, The Netherlands, 2013; Volume 43, ISBN 9780444595362.

41. Kato, K.; Yoshioka, T.; Okuwaki, A. Recyle of Ceria-Based Glass Polishing Powder Using NaOH Solution.
Nippon Kagaku Kaishi 2000, 10, 725–732. [CrossRef]

42. Janoš, P.; Novak, J.; Broul, M. A Procedure for Obtaining Salts of Rare Earth Elements. U.S. Patent 21039151,
31 October 1988.

43. Terziev, A.L.; Minkova, N.L.; Todorovsky, D.S. Regeneration of waste rare earth oxides based polishing
materials. Bulg. Chem. Commun. 1996, 29, 274–284.

44. Um, N.; Hirato, T. A hydrometallurgical method of energy saving type for separation of rare earth elements
from rare earth polishing powder wastes with middle fraction of ceria. J. Rare Earths 2016, 34, 536–542.
[CrossRef]

45. Um, N.; Hirato, T. Conversion kinetics of cerium oxide into sodium cerium sulfate in Na2SO4-H2SO4-H2O
solutions. Mater. Trans. 2012, 53, 1992–1996. [CrossRef]

46. Um, N.; Hirato, T. Synthesis of Sodium Cerium Sulfate (NaCe(SO4)2 ·H2O) from Cerium Oxide in Sulfuric
Acid Solutions. In Zero-Carbon Energy Kyoto 2011: Special Edition of Jointed Symposium of Kyoto University Global
COE “Energy Science in the Age of Global Warming”; Yao, T., Ed.; Springer: Tokyo, Japan, 2012; pp. 171–176.
ISBN 978-4-431-54067-0.

47. Yoon, H.; Kim, C.; Kim, S.; Lee, J.; Cho, S.; Kim, J. Separation of Rare Earth and Aluminium from the Dried
Powder of Waste Cerium Polishing Slurry. J. Korean Inst. Resour. Recycl. 2003, 12, 10–15.

48. Um, N.; Hirato, T. Precipitation of cerium sulfate converted from cerium oxide in sulfuric acid solutions and
the conversion kinetics. Mater. Trans. 2012, 53, 1986–1991. [CrossRef]
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Abstract: The circular economy for sustainable economic deployment is strongly based on the re-use
of secondary products and waste utilization. In the present study, a new effective cementation
method for recovering valuable metallic copper from industrial wastewater using Fe0 powders is
reported. A high-speed mixer-disperser (HSMD) capable of providing a cavitation effect was used for
the rapid intake, dispersion, and mixing of Fe0 powder in an acidic wastewater solution (pH ≈ 2.9)
containing copper ions mainly in the form of CuSO4. Three iron powders/particles were tested
as the cementation agent: particles collected from industrial dust filters (CMS), water-atomized
iron-based powder AHC100.29, and sponge-iron powder NC100.24. The effects of mixing regimes
and related mixing conditions on the effectiveness of the Cu cementation process were evaluated
by comparison between the HSMD and a laboratory paddle mixer. It was observed that the use
of cavitation provided more efficient copper removal during the copper cementation process in
comparison to the standard experiments with the propeller mixer. Under the cavitation regime,
about 90% of copper was cemented in the first five minutes and the final copper removal of 95%
was achieved using all three Fe0 powders after seven minutes of cementation. In comparison, only
around 55% of copper was cemented in the first seven minutes of cementation using the traditional
mixing method.

Keywords: cementation; copper removal; cavitation

1. Introduction

Copper is one of the most important non-ferrous metals due to its high thermal and electrical
conductivity. It can be applied as an electrical and heat conductor, a building material, an alloying
component, and in metal finishing, electroplating, plastics, fungicides, etching, etc. [1–4]. Increases
in the rate of copper production and widespread demand for applications in many fields have
led to a considerable increase of copper ions leaking into the ecosystem, particularly in industrial
wastewater [1,4–6]. As a heavy metal, the presence of copper may cause hazardous effects on human
health, even at low concentrations [7–9].

The United States Environmental Protection Agency (USEPA) allows a maximum contaminant
level (MCL) of only 1.3 mg/L for the concentration of copper ions in industrial effluents.

Metals 2018, 8, 920; doi:10.3390/met8110920 www.mdpi.com/journal/metals163
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The standardized MCL in drinking water for copper is 0.25 mg/L [10–13]. Effective copper
removal from wastewater has always been of great interest to researchers around the world.
Cementation [14–17], adsorption [5,9,10,18,19], membrane filtration [20–22], electrodialysis [20,23],
and photocatalysis [19,24] are the most common methods and techniques for the extraction of copper
from wastewater. Each method and/or technology has its own advantages and disadvantages [25–29].
Nevertheless, the cementation process is considered to be the most economical and effective method
to remove valuable and/or toxic metals from industrial wastewater [1]. This method reduces copper
ions in the copper’s salt-containing aqueous solution to its zero valent state at the interface of a more
positive metal in the electromotive force series [14]. Low cost, low energy consumption, recovery
of metals in pure metallic form, ease of control, simplicity of operation, and high efficiency make
the cementation process most advantageous [1,30,31]. The most common cementation agents are
iron and zinc [32]. The main disadvantage of the cementation technique is its excess sacrificial metal
consumption [33].

Intensification of the cementation process has interested researchers in recent years. Nosier et al.
has reported the use of ceramic for the enhancement of copper cementation under single-phase
flow [17]. A bubble column reactor fitted with horizontal screens was used for copper removal from
aqueous solutions [34]. A modified stirred tank reactor in combination with alcoholic additives
increased the cementation rate of copper powder from wastewater containing CuSO4 [35]. In his
paper, Konsowa used a special jet reactor to cement copper on a zinc disc from a dilute copper sulfate
solution [14].

Ultrasonic cavitation is the well-known phenomenon in the ultrasonic cleaning method. In
a liquid medium, the ultrasonic waves, generated by an electronic ultrasound generator and a special
transducer suitably mounted under the bottom of a stainless-steel tank or directly to a metal cylinder
(called a “horn”), produce compression and vacuum waves at a very high speed. Speed depends on
the working frequency of the ultrasound generator. Normally, such apparatus operates at a frequency
between 28 and 50 kHz. The pressure and vacuum waves in the liquid cause the phenomenon known
as “ultrasonic cavitation”. However, this method is complicated for implementation on a commercial
scale due to the low productivity and high cost of commercial ultrasonic devices. Another important
factor is the risk to human health caused by long-term exposure to ultrasonic noise generated by
ultrasound generators. In the present work, a rotational cavitation-generated device was employed to
study the effect of cavitation on copper cementation from industrial wastewater.

2. Theory

Cementation is an electrochemical process that leverages the difference between the standard
electrode potentials of ions of the extracted metal and the cementing metal. The cementing metal
should have a more negative standard electrode potential than the extracted metal. This process in
acid media can be described by following Equations (1)–(3).

CuSO4 + Fe → FeSO4 +Cu, (1)

H2SO4 + Fe → H2 + FeSO4, (2)

Fe2(SO4)3 + Fe → 3FeSO4. (3)

However, the following reactions occur simultaneously ((4)–(6)):

Fe2(SO4)3 + Cu = CuSO4 + 2FeSO4, (4)

Cu + 1/2O2 + H2SO4 = CuSO4 + H2O, (5)

2FeSO4 + 1/2O2 + H2SO4 = Fe2(SO4)3 +H2O. (6)
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Standard electrode potentials of main species are given as follows [6]:

Cu → Cu2+ + 2e, E0 = +0.34 V,

Fe → Fe2+ + 2e, E0 = −0.44 V,

Fe3+ + e → Fe2+, E0 = +0.77 V,

O2 + 4e + 4H+←→ 2H2O, E0 = +1.23 V.

Reactions (4) and (5) reduce the amount of copper extraction in the cementation process. Also, in
kinetic equilibrium, three following reactions occur simultaneously:

Cu ←→ Cu+ + e, E0 = +0.52 V,

Cu ←→ Cu2+ + 2e, E0 = +0.34 V,

Cu+ ←→ Cu2+ + e, E0 = +0.15 V.

The speed and limit of copper dissolution is determined by steady equilibrium potential. Cuprous
ions are unstable in sulfate solutions and are spontaneously transformed into divalent copper to form
a powder according to disproportionation (Equation (7)):

Cu2SO4 ←→ Cu + CuSO4. (7)

In neutral solutions, copper sulfate is hydrolyzed to form dark red crystals of copper oxide
(Equation (8)):

Cu2SO4 + H2O → Cu2O + H2SO4. (8)

In acidic solutions, oxidation with oxygen present in the solution is the main reaction
(Equation (9)):

Cu2SO4 + H2SO4 + 1/2O2 → 2CuSO4 + H2O. (9)

An insufficient amount of free sulfuric acid in solutions creates favorable conditions for the
hydrolysis of iron ions.

2Fe2(SO4)3 + 3H2O = Fe2(SO4)3·Fe2O3 + 3H2SO4, (10)

Fe2(SO4)3Fe2O3 + 9H2O = 4Fe(OH)3 + 3H2SO4. (11)

Theoretically, the copper cementation process terminates when the concentration of copper ions
in the solution decreases to a certain value, at which the electrode potential for copper is equal the
electrode potential for iron. The system achieves the equilibrium state. The concentration of copper
ions in the solution at equilibrium can be calculated from the Nernst Equations (12) and (13) [6]:

EFe2+/Fe= E0
Fe2+/Fe +

RT
zF

lnaFe2+ , (12)

ECu2+/Cu= E0
Cu2+/Cu +

RT
zF

lnaCu2+ , (13)

If
EFe2+/Fe= ECu2+/Cu, (14)

then
E0

Fe2+/Fe +
RT
zF

lnaFe2+= E0
Cu2+/Cu +

RT
zF

lnaCu2+ , (15)
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where: E0 is the standard electrode potential, a is ion activity, R is the gas constant, F is the Faraday
constant, and z is the number of electrons participating in reaction.

The solution of this equation at 25 ◦C gives the following expression:

− 0.44 +
0.059

2
lnaFe2+ = 0.34 +

0.059
2

lnaCu2+ , (16)

aCu2+

aFe2+ = 1.3 × 10−27. (17)

At equilibrium, the concentration of copper ions in the solution is low (CCu
2+ = 1.3 × 10−27), that

is, cementation reaction can be considered as extending to the end. However, the thermodynamic
equilibrium is not achieved due to kinetic difficulties. The mechanism of copper cementation can be
represented by successive stages: delivery of ions to the cathode surface and removal of ions from
the anode surface through a diffusion layer, discharge of copper ions to the cathode sections, and
ionization of iron ions on the anodic sites (electrochemical conversion).

3. Materials and Methods

A high-speed cavitation-dispersion device (HSCD) (CORVUS Ltd., Riga, Latvia) and a paddle
laboratory mixing device (LMD) EUROSTAR 40 digital (IKA, Staufen, Germany) were compared to
determine the influence of mixing regimes and related parameters on the effectiveness of the copper
extraction process. The duration of each test was 10 min. Samples were collected before and during
the test after 1, 2, 3, 5, and 10 min. A total of 1500 mL of wastewater was used for every test.

Wastewater for treatment experiments was obtained from a European mining company. According
to the non-disclosure agreement between the mining company and researchers, it is prohibited to reveal
the source of wastewater. The chemical composition was provided by the supplier as listed in Table 1.
The wastewater contained mainly copper ions in the form of CuSO4 with pH = 2.95. Three different
iron powders from Höganäs AB, Sweden were provided for cementation experiments: (1) iron particles
collected from industrial dust filter (CMS) (Höganäs AB, Höganäs, Sweden); (2) water-atomized
iron-based powder AHC100.29 (AHC); and (3) sponge-iron powder NC100.24 (NC). The particle size
distribution and surface area of the powders are shown in Table 2.

The HSCD was used for Cu extraction experiments with the setup and principles demonstrated
in authors’ previous works as shown in Figure 1 [36–38]. As determined in the previous works [36–38],
a linear speed over 24.13 m/s, which corresponds to 3847 rpm, is needed in order for the cavitation
effect to appear in water media when HSCD is used. To ensure stable cavitation in all treated volumes,
a rotor rotational frequency of 6000 rpm was applied. A reference laboratory mixer with an electric
drive and a paddle-type sitter was used (Figure 2). Nylon syringe filters (pore size of 0.45 μm, diameter
of 25 mm, supplied by Cole-Parmer, Hamburg, Germany) were used with the aim of avoiding the
presence of Fe0, Cu0, and other solid particles, and to terminate cementation reactions in collected
solutions. Each experiment was repeated four times with the deviation in measurement results less
than 5%. Surface area was determined by the Brunauer–Emmett–Teller (BET) analysis, using the
surface area analyzer Quadrasorb SI-KR/MP (Anton Paar GmbH, Berlin, Germany) with nitrogen
adsorption/desorption at 77K.
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Figure 1. Scheme of the experimental setup for Cu2+-containing wastewater treatment. Principal
scheme (a) 1—container for suspension; 2—engine; 3—mixer-disperser; i—supply components
to be mixed; ii—suspension output; iii—recycle stream. General view (b) 1—container for
suspension; 2—mixer-disperser; 3—engine; 4—engine rpm control unit Arrows indicate suspension
circulation directions.

Figure 2. Experimental setup for control experiment of a propeller-type sitter. (a) Scheme of process
volume with a propeller-type sitter (1), and a laboratory mixer with electric drive (2). (b) Propeller-type
sitter view. (c) Sitter axis located asymmetrically to the vessel. (d) Sitter location in processed
wastewater volume.

Table 1. Physicochemical parameters of the wastewater sample.

Parameter Value Unit

pH * 2.95 -
Copper (Cu) * 750 ± 10 mg/L

Lead (Pb) 0.250 mg/L
Sulfate ions (SO4

2−) 20.0 g/L
Cyanide ions (CN−) <0.050 mg/L

Chromium ions (Cr6+) ≥0.005 mg/L
Nickel (Ni) ≥4.000 mg/L

Mercury ions (Hg+) ≥0.005 mg/L
Nitrate ions (NO3−) <0.010 mg/L

Fe (II+III) * 6600 ± 100 mg/L
Concentration of other cations: Al3+, Mg2+, Zn2+ <300 mg/L

* determinate by RTU laboratory. - -
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Table 2. Physical properties of iron powders—CMS: iron particles collected from industrial dust filter;
AHC100.29: water-atomized iron-based powder; NC100.24: sponge-iron powder.

Parameter CMS AHC 100.29 NC 100.24

Particle size >150 μm 0% 6% 1%
Particle size 150–45 μm 47% 70% 80%

Particle size <45 μm 53% 24% 19%
Specific surface area, m2/g 0.67 ± 0.07 0.78 ± 0.1 0.73 ± 0.1

The stoichiometric amount of Fe0 powder needed for cementation tests was calculated according
to reaction (1) and the initial concentration of Cu2+. It was found that 0.441 g/L of iron powder was
necessary. On the other hand, taking into account simultaneous chemical reactions (2)–(4), four times
the excess of the stoichiometric amount of iron powder was proposed and tested, corresponding
to the ratio between the amount of iron powder and the solution volume of 1.764 g/L. Figure 3
shows a photograph of iron powder AHC 100.29 with sponge-like morphology. For microstructural
characterization, optical imaging was carried out by the optical digital microscope VHX-2000
(Keyence Corporation, Osaka, Japan) equipped with lenses VH-Z20R/W and VH-Z500R/W. Metal
concentrations in solutions were analyzed by the atomic absorption spectrometer GBC 932plus (GBC
Scientific Equipment Ltd., Dandenong, Australia).

Figure 3. Picture of sponge-like surface structure of AHC 100.29.

4. Results and Discussion

As shown in Figures 4 and 5, cavitation dispersion provided more effective copper cementation
from wastewater by Fe0 powders than the traditional mixing method using propellers. Using the
high-speed mixer-disperser (HSMD), the copper concentration in wastewater decreased rapidly in
first five minutes and achieved the steady state in only seven minutes, when about 95.9% of copper
was cemented. Increasing the cementation duration to ten minutes did not result in a significant
increase in cementation efficiency. Although the copper concentrations remaining in wastewater
when three types of Fe0 powders were used varied slightly in the first 5 min of cementation, the final
copper concentration after 10 min cementation with all three powders was almost identical, at about
31 mg/L. Therefore, it is more economical and ecological to use the powder from dust filters in
practice. In contrast, the copper cementation using the conventional propeller sitter proceeded more
slowly than the cementation using the HSMD and achieved only 53%–55% efficiency in the first five
minutes of cementation for all three types of Fe0 powder. After that, the cementation process slowed
down, with cementation efficiency varying from 61.5% for AHC powders to 69.2% for NC powders
after ten minutes. It was also observed that the temperature of wastewater during cementation
using the HSMD increased to about 35 ◦C after 7 min, while the temperature of wastewater during
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cementation using the propeller sitter remained unchanged, at 18 ◦C. It was probable that the increase
in cementation temperature also contributed to some increase in the copper cementation efficiency by
the cavitation-dispersion method.

Figure 4. Dependence of Cu2+ concentration in the waste water, depending on the treatment time and
used setup. NC-CAV: powder NC 100.24 with cavitation; CMS-CAV: powder CMS with cavitation;
AHC-CAV: powder AHC 100.29 with cavitation; NC: powder NC 100.24 without cavitation; CMS:
powder CMS without cavitation; AHC: powder AHC 100.29 without cavitation.

Figure 5. Dependence of the copper extraction rate, depending on the treatment time and setup used.

As described in Section 2, the reduction of Cu2+ to Cu0 occurs on Fe0 surface, which will be
gradually covered by a layer of cemented Cu0. During the first five minutes of cementation, the opened
Fe0 surface was quite large, so cementation proceeded quickly. After that, cementation slowed down
due to decreased accessible Fe0 surface on which Cu2+ ions can be cemented. This behavior was
observed during cementation using all three types of Fe0 powders under both non-cavitated and
cavitated cementation conditions. As shown in Table 2, all three Fe0 powders had similar specific
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surfaces, so in general, copper cementation courses using these Fe0 powders followed similar trends
(Figures 4 and 5).

Figure 6 shows the original NC 100.24 Fe0 powders and their cemented particles obtained under
the traditional mixing regime and the cavitation regime. Under the traditional mixing regime, Fe0

powders were covered by cemented Cu0. Some of them are agglomerated, probably by bridging
of cemented Cu0, making the resulting Fe0 particles bigger than the original ones (Figure 6b).
The cavitated samples consisted of some small particles with particle size ranging from 10 to 30 μm
(Figure 6c). The majority of particles had particle size ranging from 50 to 100 μm, much smaller than
the original particle size of 150 μm (Table 2). The formation of smaller particles and the reduction
in particle size of the majority of original Fe0 particles were probably the results of the cavitation
effects, which caused newly cemented Cu0 to rip off the Fe0 surface, creating small Cu0 particles and
allowing additional cementation on the newly opened Fe0 surface. Together with increased diffusion
of Cu2+ ions to Fe0 surfaces and/or through the pores of cemented Cu0 on Fe0 surfaces, the copper
cementation process quickened during the cavitation regime. The other explanation for the formation
of smaller particles in cavitated samples is that some of the Fe0 particles broke down during cavitation,
leading to increased specific surface and increased copper cementation efficiency.

Figure 6. (a) NC 100.24 Fe powder particles before cementation; (b) NC 100.24 Fe powder particles
after cementation at 10th minute, without cavitation treatment; (c) NC 100.24 Fe powder particles after
cementation at 10th minute, with cavitation treatment.

The commercial cementation process usually operates the flows at 100–300 m3/h. In order to
implement the studied cavitation cementation method, repetition of the cavitation treatment using
tanks can be envisaged. Figure 7 shows the following proposed commercial application scheme: Cu2+

contaminated waste water and Fe0 powder are continuously fed in to a tank (1) with a paddle mixer (2),
the mixture flows through the HSMD (3), during cavitation treatment, Fe0 particles are cemented with
Cu0 (i), and then separated and de-agglomerated (ii). The set-up has a multiple number (n) of set tanks,
mixers, and HSMD (4). At the end of the process, the suspension with Fe0 and Cu0 flows through
a magnetic separator (5) for unreacted Fe0 separation, which is returned to the extraction process
via the reactor (1) for mechanical separation by filtration or sedimentation (6) of Cu0. According to
a common electrochemical Equation (18), it is also possible to extract Cd, In, Tl, Co, Ni, Sn, Pb, Bi, Cu,
Hg, Ag, and Au metals.

Nn+ + M0 → N0+ Mm+, (18)

where Nn+ is the reduced metal ion (metal with a higher standard potential value), and M0 is metal
that carries cementation (metal with a lower standard potential value).
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Figure 7. Principal scheme for commercial implementation for Cu extraction from mining waste
water: 1—container for suspension; 2—paddle mixer; 3—mixer-disperser; 4—a set of tanks, mixers,
and HSMD; 5—magnetic separator; 6—mechanical filter; i—Cu cemented on Fe particles before the
cavitation; ii— cemented Cu and Fe particles after the cavitation; Arrows indicating flow directions.

5. Conclusions

Using a high-speed mixer-disperser (HSMD) as the mechanical cavitation source, it is possible to
achieve copper extraction from mining wastewater with around 40% higher cementation efficiency,
in a significantly faster time than by using the traditional mixing method. After seven minutes, over
95% of copper was cemented on Fe0 powders by applying the HSMD. Morphology and iron powder
origins do not play a significant role in metal extraction by the cementation process. The investigated
cementation process improvement could be foreseen as a route for obtaining fine powders of copper
and other metals (e.g., Cd, In, Tl, Co, Ni, Sn, Pb, Bi, Cu, Hg, Ag, and Au). It could also be used at the
industrial scale for mining and metallurgical wastewater purification.
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Abstract: In recent years, China’s dominant role in the rare earth market and the associated impacts
have strengthened the interest in the recovery of rare earth elements (REE) from secondary resources.
Therefore, numerous research activities have been initiated aiming at the recovery of REEs from
different types of waste streams, which includes, inter alia, neodymium-iron-boron (NdFeB) magnets.
Although several research projects have successfully been completed, most experts do not expect an
industrial implementation in Europe within the next years. This article analyses the reasons for this
situation, addressing the availability of sufficient amounts of NdFeB wastes, the technology readiness
level of the developed processes in Europe, as well as the economic aspects. Based on these analyses,
an estimation of a realistic timeframe for the industrial implementation of NdFeB recycling in Europe
is deduced and critically discussed.

Keywords: NdFeB magnets; rare earth elements; recycling; recycling potential; neodymium; dysprosium

1. Introduction

Since the 1980s, China has become the dominant producer of rare earth elements (REE), reaching
market shares of up to 97% in 2010. In 2017, China mined about 81% of the world production (approx.
130,000 t/year), and is the only country that operates the full production chain from ores to REE metals
at the industrial scale. Despite its monopolistic position, the REE prices remained stable on relatively
low levels before 2010 due to the uncontrolled and unregulated growth of the Chinese REE industry,
which resulted in low production costs but caused tremendous environmental damage. Therefore,
the security of the supply was not questioned and interest in alternative REE sources was generally
low. This situation changed drastically when China introduced export restrictions and duties for REEs
in 2010, leading to massive price increases around 2011 and serious concerns about the security of the
supply outside China. Since then, prices for rare earth compounds and metals declined significantly
due to excess supply. Furthermore, China abandoned the export restrictions and duties in 2015 after
the World Trade Organization upheld a ruling in favor of the United States, the European Union,
and Japan’s claims that China violated trade rules. Nevertheless, there are still mid- and long-term
supply risks, as China will presumably stay the dominant REE producer in the next decade [1–3].

In answer to China’s policy, many projects regarding primary production, recycling, substitution,
as well as associated topics, such as the material flow analysis of REEs, have been initiated in recent

Metals 2018, 8, 867; doi:10.3390/met8110867 www.mdpi.com/journal/metals175



Metals 2018, 8, 867

years [4–7]. Regarding primary production, 442 projects were listed in December 2012 [4]. However,
less than five have reached industrial scale, the most notable being Lynas Corporation Ltd., which has
mining operations in Australia and refining operations in Malaysia [1]. As there are no competitive
REE deposits in Europe [4], the European Union (EU) focuses on the recovery of REEs from secondary
resources and substitution. Although first research and development projects have already been
completed, only very few entered, or will enter, industrial scale [5–7].

This article analyses the reasons for this development in the case of neodymium-iron-boron
(NdFeB) magnets, which are the main application for the REEs neodymium (Nd) and dysprosium
(Dy) and represent a major share of the REE market by volume (22%) as well as by value (37%) [8].
NdFeB magnets are currently the strongest permanent magnets and are used in various applications
(see Figure 1). Due to the high number of applications and expected high growth rates, mainly driven by
electromobility and wind turbines, NdFeB magnets presumably bear a high recycling potential [9,10].

Figure 1. Shares of the different applications in the global neodymium-iron-boron (NdFeB) magnet
market in the year 2012 [11].

After providing background knowledge about NdFeB magnets (Section 2), in this study,
an attempt was made to enlighten this contradictory situation by using a holistic approach, starting
with an estimation of the theoretical European recycling potential until 2040 (Section 3). Based on this,
a more realistic scenario for the availability of NdFeB scrap is deduced, considering technological as
well as economic aspects (Section 4). In Section 5, the implications are critically discussed.

2. NdFeB Magnets

Sintered NdFeB magnets are the strongest permanent magnets available today. Global production
in 2014 was 112,000 t, of which about 88% were produced in China, followed by Japan. Europe and
other regions have only minor market shares [12].

The excellent magnetic properties can be traced back to the strongly magnetic matrix phase
Nd2Fe14B, featuring high saturation polarization and high magnetic anisotropy. Because of the low
Curie temperature and low corrosion resistance of pure Nd2Fe14B, the properties are usually enhanced
by alloying other REEs and cobalt. Typically, the alloys contain between 60–70 wt% iron (Fe), 28–35 wt%
REEs (Pr, Nd, Tb, and Dy), 1–2 wt% boron (B), and 0–4 wt% cobalt (Co). The benefit of adding Dy in
place of Nd is that it improves coercivity and therefore temperature tolerance. At the highest end of
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possible operating temperatures (approx. 200 ◦C), NdFeB magnets contain up to 10 wt% Dy. Terbium
(Tb) can perform in a similar function but is rarely used due to its high price. Praseodymium (Pr)
can directly substitute Nd to some extent without a severe impact on the magnetic properties. Co is
commonly added to improve the corrosion resistance. For further improvement of the corrosion
resistance, the magnets are phosphated or coated with organic or metallic coatings [6].

The most important trend in research, development, and production of sintered NdFeB magnets
aims at an increase in coercivity using less Dy for economic reasons, as well as minimization of the
related remanence losses. The most promising approaches to achieve this target are a further reduction
of the grain size and the grain boundary diffusion process. Though the first approach has not been
industrially implemented so far, the grain boundary diffusion process was introduced industrially
some years ago [13].

3. Theoretical Recycling Potential of NdFeB Magnets in the European Union until 2040

In this section, the theoretical recycling potential of NdFeB magnets from the main applications,
being electric vehicles (propulsion motors), auxiliary motors in passenger cars (electric and with
internal combustion engine), electric two-wheeled vehicles, industrial motors, wind turbines, magnetic
resonance imaging (MRI), hard disk drives (HDD), and audio devices, will be estimated for the years
2018–2040. As the relative share of other applications (currently 14%) is supposed to decrease due to
expected high growth rates of electromobility and wind power [10], they are excluded.

The theoretical recycling potential was defined as the total amount of NdFeB magnets from
end-of-life applications excluding post-production wastes. Post-production wastes were not considered
as their amount of approx. 60 t/year [14] was low in comparison to the potential from post-consumer
wastes (see Section 3.4) and was not expected to increase in the EU. To establish a benchmark, in this
section, it was assumed that there were no losses through export and that 100% of the products were
recycled after their life cycle, with a technical recycling efficiency of 100%. In this way, the theoretical
recycling potential of NdFeB magnets could be assessed. More realistic recycling rates were later
assumed in Section 4 for a direct comparison. The period under review was chosen up to the year 2040
to take into account, on the one hand, the long life cycle of major applications and, on the other hand,
to have an acceptable forecast accuracy. A possible substitution of NdFeB magnets was not considered
as alternative technologies are often less efficient (e.g., permanent magnet-free propulsion motors for
electric vehicles), and extreme price increases of NdFeB magnets, which would favor substitution,
are unlikely. Furthermore, a replacement of NdFeB by new materials is not expected within the next
years. Therefore, the introduction of a new magnet material would only significantly affect the market
after our considered time horizon due to the long lifespan of most considered products. Regarding the
magnet composition, a simplified REE composition of 32 wt% Nd and Dy, 67 wt% Fe, and 1 wt% B
was assumed. As Pr and Tb are minor constituents and substitutes for the aforementioned elements,
they were not considered.

The most important assumptions for the calculations for each application are explained in
Section 3.1. In Section 3.2, the sales data estimation is presented. These results are used to calculate the
return flows in Section 3.3.

3.1. Key Assumptions for the Considered Applications

In Table 1, assumptions for average magnet content, percentage of application containing NdFeB
magnets, Nd/Dy ratio, average lifespan, and related standard deviation are summarized. Further
details are given in the following.
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Table 1. Literature based assumptions.

Application Average Magnet Content Nd/Dy [%] 3 μL; σL [a] 4 Sales Data Sources

Electric Vehicles 2500 g [15] 27/5 15; 3.75 [16–19]
Hybrid Electric Vehicles 1500 g [15] 27/5 15; 3.75 [16–19]
Auxiliary Vehicle Motors 175 g [9] 29/3 15; 3.75 [20]

Electric Bikes 270 g [21] 29/3 5; 1.25 [22–24]
Industrial Motors 1 - 28/4 - [25,26]

Wind Turbines, Direct Drive 2 650 kg/MW [11] 28/4 22; 5.50 [27–32]
Wind Turbines, Hybrid Drive 2 160 kg/MW [11] 28/4 22; 5.50 [27–32]
Magnetic Resonance Imaging 2.5 t [33] 31/1 12; 3.00 [11,34]

Hard Disk Drives 5.67 g [21] 32/0 6; 1.50 [26,35,36]
Audio Devices 1 - 32/0 - [34]

1 Available data was already given in tons of NdFeB. 2 Only wind turbines with integrated NdFeB magnets were
considered. 3 Adopted from [34]. 4 Adopted from [37].

The product segment of electric vehicles is grouped into hybrid electric vehicles (HEV) and electric
vehicles (EV). HEVs include mild, full, and plug-in hybrid electric vehicles. Whereas HEVs are typically
equipped with permanent magnet motors, due to the limited space, some car manufacturers prefer
magnet-free motors for EVs despite lower power densities and efficiencies. As propulsion motors
are operated at elevated temperatures, comparatively high average Dy contents were assumed [15].
At present, even higher Dy concentrations up to 10% are observed, but these concentrations are
expected to decrease (see Section 2).

All passenger vehicles contain auxiliary motors, which are partly equipped with NdFeB magnets.
The magnet content varies. For this study, an average magnet content of 175 g/vehicle was assumed
based on [9].

In the market of electric two-wheeled vehicles, a distinction is made between pedelecs, electric
bicycles (e-bikes), electric scooters, and electric motor bicycles. Pedelecs require pedalling to activate
the motor. In contrast, e-bikes can drive solely electric without pedalling. It is important to note that
the term e-bike is often synonymously used for pedelecs, e-bikes, and e-scooters in literature [38].
In this paper, only pedelecs and e-bikes were considered and summarized in the following under the
term e-bikes. Electric scooters and electric motor bicycles represent niche markets in the EU and were
therefore neglected. According to [39], since 2015 all electric bicycles are equipped with permanent
magnet motors. In 2007, the share was 47.1%. For the calculations, a linear increase between 2007 and
2015 was assumed.

The main application of NdFeB magnets is in industrial motors (see Figure 1). They exist in a
wide range of sizes and power classes, and are used, for example, in conveyers, pumps, and robots.
The data and assumptions were mainly based on a study conducted in Germany by the Institute for
Applied Ecology [25].

Currently, three types of wind turbines are produced: Traditional drive train, direct drive,
and hybrid systems. Only the last two designs contain NdFeB magnets. Direct drive systems require
less maintenance than the other systems as they operate without gears. Therefore, they are the preferred
technology for the offshore sector [40]. In contrast to most other applications, a detailed database of
installed on- and offshore wind turbines in Europe is available and enabled a direct assignment of the
respective magnet content.

According to field strength, magnetic resonance imaging (MRI) devices can be classified into
low-, mid-, and high-field systems. Only low-field systems contain NdFeB magnets, whereas the other
systems use electromagnets. The global compound annual growth rate is estimated at 3% including
the high-growth markets, India and China [41]. As this study focusses on the EU, a lower annual
growth rate of 2% was assumed.

While e-bikes, electric vehicles, and wind turbines represent fast growing markets, the market share
of hard disk drives (HDD) is declining [36]. They are continuously replaced by faster solid-state-drives
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(SSD), which do not contain magnets. The HDDs are divided into 2.5′′ and 3.5′′ drives with global market
shares of 40% and 60%, respectively [35].

3.2. Methodology for the Prediction of Sales Data

The general approach to predict the future sales in the different industrial branches is to extrapolate
the sales trends from a combination of past sales data and available forecasts.

As an example, the prediction of future HDD sales is outlined. Figure 2 shows exemplarily our
predicted sales data for HDDs for the EU market. The data was based on past sales and a prediction
from a worldwide study published by Statista [36]. We assumed a proportional relationship between
sales and gross domestic product (GDP) in a region, allowing the estimate of sales on the EU market
from the global market. Utilizing annual GDP data [26], we derived the annual GDPEU/GDPWorld-ratio
to receive the portion of HDD sales in the EU market. For example, in 2016 the EU accounted for
approx. 21% of the global GDP, leading to the assumption that 90.4 million out of the 424.1 million
HDDs were sold in this market. In Figure 2, the resulting sales data is depicted (blue diamonds).

Figure 2. Sales data (blue diamonds), best-fit function (red curve), and forecast (red diamonds) for
hard disk drives (HDDs).

It is clear that due to the technical advantages of SSDs over HDDs, the latter experienced a
declining market share starting from around the year 2010. To capture this trend, we used a multinomial
least-square fit with an exponential estimation function to predict the sales (S) in the year (y):

S(y) = ea+b·y, y > 2010 (1)

It can be expected [42] that HDD sales will decline and slowly approach zero as customers switch
to the new SSD technology. The function given in Formula (1) was therefore chosen for its asymptotical
properties. It is well known that an exponential function of this type can be linearized to find the
unknown parameters a and b by ordinary least squares. The best-fit parameters were â = 179.588
(t-Test, p < 0.000) and b̂ = −0.087 (t-Test, p < 0.000), and resulted in an adjusted R-squared value of
0.9998. In Figure 2, the consequential estimation function (red curve) and the corresponding sales
values (red diamonds) are depicted.

If the trend for other applications was not clearly asymptotical, polynomial estimation functions
were more suitable for complex trends and were selected. A similar approach was used for other
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applications in the case of incomplete sales data to close gaps via interpolation. Whenever forecasts on
sales were available, the data points were incorporated into the predictions.

By applying this method, we were able to estimate annual sales for the time span until 2040,
which was relevant to our return flow calculations. It should be noted that a possible increase in
uncertainty for sales estimates in the distant future is unproblematic because the corresponding return
flows will not be relevant for the considered time span.

3.3. Methodology for the Calculation of Return Flows

To illustrate the calculation of return flows, we utilized the following example. Sales data for the
years 2015–2018 were considered: In the year 2015, sales amounted to 1000 units, in the year 2016,
to 3000 and, after a year without sales, 5000 units were sold in the year 2018.

We assumed the lifetime to be normally distributed with mean μL = 5 and standard deviation
σL = 1.25. Therefore, the return year Xi of unit i was a normally distributed random variable Xi ∼
N (yS,i + 5, 1.25), where yS,i was the sales year of that unit i. In general, the probability density
function was given by Formula (2):

f (y|yS,i + μL, σL) =
1√

2πσ2
L

· e
− (y−ys,i−μL)

2

2σ2
L (2)

The three distinct probability density functions for the units 1 to 1000 with sales year yS,i = 2015,
the units 1001 to 4000 with yS,i = 2016, and the units 4001 to 9000 with yS,i = 2018 are shown in
Figure 3. As we can see from Figure 3, eventual inaccuracies, caused by a negative lifetime, have a
probability close to 0%. With the expected lifetimes, considered in the real data set, being larger than
μL = 5, the probability was even lower than in this example.

Figure 3. Probability density functions for the return year of units, which were sold in the years 2015,
2016, and 2018, respectively.

The expected returns R(yR) in a specific year yR (i.e., returns between yR and yR + 1) were then
given by Formula (3):

E[R(yR)] =
∫ yR+1

yR
∑

i
f (y|yS,i + μL, σL) dy (3)

Following the example, we expect R(2022) = 1929.38 units to return in the year 2022. A
simulation of the exemplary sales data can illustrate the result. In Figure 4, we see the absolute
returns obtained from the above probability densities. The blue bars show the returns of the 1000
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units that where produced in 2015, the red bars the returns of the 3000 units produced in 2016, and the
orange bars the returns of the 5000 units that were produced in the year 2018. In 2022, the returns
amounted to 83 + 704 + 1145 units, which were produced in the years 2015, 2016, and 2018, respectively.
The resulting 1932 units were close to the theoretical value 1929.38 and we could expect a convergence
to the latter value when averaging multiple simulations.

Figure 4. Simulated absolute return flows superimposed (left) and stacked (right). For the year 2022,
the simulation (one run) provides a value of 1932 units. The exact expected return derived from the
calculation for this given year was 1928.39 units.

This methodology was applied to the real sales data we derived in the previous section for all
sources of NdFeB magnets. The usual timeframe of input data was 1995–2040 and the returns were
calculated for the years 2018–2040.

3.4. Results

By applying this stochastic approach to the sales data from Section 3.2, we obtained the expected
unit returns for the desired years. Both are shown in Figure 5. Depending on the average lifespan,
the sales trends were only depicted for their relevant time spans. For example, in case of wind turbines,
the average lifespan was μL = 22 years. Consequently, only sales data until around 2025 will be
impactful for the return flow estimates.

Considering the magnet content per unit (see Table 1), we obtained the resulting amounts of
magnets per application in tons per year (Figure 6). It can be seen that the annual theoretical recycling
potential increases only slightly in the next 10 years. In this first period, auxiliary vehicle motors,
magnet resonance imaging, and electronic devices dominate. From 2028 on, a strong increase can
be expected, which is mainly caused by the expected market penetration of (H)EVs and e-bikes.
The share of wind turbines will increase from 2030, but remains comparatively low until 2040. The total
theoretical recycling potential from 2016–2040 is about 233,000 t of NdFeB, corresponding to 66,600 t
Nd and 7900 t Dy.
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Figure 6. Potential return flows by application in tons of NdFeB.

4. Estimation of the Practical Recycling Potential in the European Union until 2040

The recycling chain of NdFeB magnets consists of the steps: Collection, magnet extraction,
and recycling of the extracted magnets, and was recently reviewed by [8]. According to this review,
currently, no recycling of NdFeB wastes takes place. However, our own market studies, in collaboration
with scrap dealers and electronic scrap recycling companies, revealed that in today’s industrial
practice, collection of post-production wastes and limited extraction of NdFeB magnets from different
applications takes place in the EU [14,43,44]. The magnet scraps are exported to China and Japan for
metallurgical recycling. At present, approximately 150 t are exported annually, whereof about 40%
originate from magnet production. Whereas the amount of production scrap has been relatively
constant in recent years, increasing amounts of scrap from other applications, such as HDDs,
MRI devices, and wind turbines, are observed [14,43].

The low traded amount of NdFeB wastes in comparison to the theoretical potential indicates
that an extraction is not economic in most cases. The economic feasibility of the magnet extraction
depends on the market prices for NdFeB scraps, which are strongly connected to the REE prices,
and the extraction costs. The scrap prices fluctuated between 4 and 15 US$/kg in the last years [43].

For the recycling of extracted magnets, different approaches are currently under development in
Europe, which can be classified into direct reuse, reprocessing of the alloys, and raw material recovery,
all bearing a series of advantages and disadvantages. At present, none of the approaches is developed
beyond pilot scale [5,8,15].

Theoretically, a direct reuse of the magnets would be economically and environmentally the most
favourable way of recycling, due to the low energy demand as well as consumption of auxiliary and
operating materials. However, in practice, reuse cannot be expected due to progress of development
regarding NdFeB magnets and applications, difficulties in the non-destructive extraction of the brittle
magnets, and cleaning without compromising the dimensions [5,8,15].

Prerequisites for reprocessing of the alloy are that magnet scraps are of known and homogeneous
composition and a thorough removal of any impurities, such as glue residues and coatings, is
undertaken, as the magnetic properties deteriorate even at low impurity concentrations (ppm
range). For the actual reprocessing of the magnetic alloys, several processes are under investigation,
such as re-melting of the alloy, purely mechanical comminution, and comminution after hydrogen
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decrepitation. All these options allow feeding of the cleaned magnet scrap into the established
production chain for NdFeB magnets. The main drawback of these routes is that contamination
with trace impurities cannot be prevented, which causes a deterioration of the magnetic properties.
Therefore, reprocessing of alloys cannot be considered a practical way for the production of high-end
magnets, a market segment in which European producers are active [5,8,15].

For raw material recovery, various approaches and processes have been developed in recent years,
which can be classified into gas-phase extraction, pyrometallurgical methods, and hydrometallurgical
methods. Despite disadvantages such as high consumption of chemicals and the production of
wastewater, hydrometallurgical processes can be regarded as the most promising way. Reasons for
this are their flexibility, with respect to the chemical composition of the wastes, impurity removal,
and their ability to treat metallic and oxidized NdFeB wastes (e.g., grinding sludges from magnet
production) [5,8,15].

Within the German research project “Recycling of components and strategic metals of electric
drive motors”, a life cycle assessment (LCA) was conducted for reuse, reprocessing of the alloy by
comminution after hydrogen decrepitation, and a hydrometallurgical process route. The LCA was
carried out according to ISO 14040/44 based on small pilot-scale data and reviewed by an independent
external expert. The LCA revealed that all these recycling options show clear environmental advantages
in comparison to the primary production of neodymium and dysprosium [45].

4.1. Assumptions for the Practical Recycling Scenario

In the following, the assumptions for the realistic recycling scenario are explained for each
application based on literature review, interviews with market participants, and our own investigations.

For electric motors, semi-automated extraction technologies for magnets from rotors were
developed within a German research project, which can, in principal, be transferred to motors from
other applications [15]. However, the scale-up to industrial scale will require at least several years.
In case of electric motors, it was assumed that (partly) automated extraction technologies will be
available from 2026 onwards at an industrial scale. Therefore, no recycling will take place before 2026
from electric motors. As a European-wide implementation of the extraction technology will require
at least several years, a linearly increasing magnet extraction rate from 0% in 2025 to 50% in 2040
was assumed.

For (H)EVs a European recycling rate of 50% was adopted from [46] for all end-of-life
vehicles. It was assumed that only traction motors will be extracted from vehicles and dismantled
for specific treatment, whereas magnets from auxiliary motors will be lost in the shredding
process. An economic assessment of the recycling of propulsion motors concluded that a magnet
extraction is economically feasible [15].

For e-bikes, a significantly lower recycling rate of only 5% was estimated. Due to the lack of data
on the market for second hand bikes, unknown disposal routes, and the young e-bike market, this
rate is a noteworthy uncertainty factor in the calculations. From an economic point of view, magnet
extraction is currently uneconomic considering German labour costs, but might be feasible in Eastern
and Southern Europe [21].

In case of industrial motors, a recycling rate of 10% was assumed due to high export rate of
second-hand motors to non-European countries [25]. Furthermore, the profitability strongly depends
on the motor size. Therefore, only mid- and large-size motors were of interest.

In case of wind turbines, it was assumed that 90% of all wind turbines are recycled after their
use in the EU, with a magnet extraction efficiency of 90% resulting in an overall rate of 81% from
the theoretical potential. The high rates seem to be realistic as the owners are responsible for the
dismantling of the turbines, reuse of the turbines in other wind parks after more than 20 years cannot
be expected, and the high amounts of large magnets represent a significant monetary value.

Little information is available on the recycling of magnetic resonance imaging devices. As they
occasionally appear on the scrap market [43], a recycling rate of 5% was assumed. Like industrial
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motors, many second-hand devices are probably exported to developing countries. The extraction of
magnets from MRI devices requires demagnetization of the magnets to remove them from the steel
frame, but has economic potential due to the high amount of magnets (2–3 t) per unit.

For electronic products, it was assumed that only magnets from hard disk drives are extracted to
a certain extent, which already takes place today in sheltered workshops and by prison inmates in
Germany, due to the lower labor costs in comparison to the regular labor market [44]. An extraction
using regular workers is uneconomic [21]. An extraction of magnets from audio devices was neglected,
as they do not appear on the scrap market due to the prohibitive extraction costs [21]. The extraction
rate for HDDs was estimated to be 2% of the theoretical potential in the EU. According to our market
research, the current extraction rate in Germany is approx. 5%, but this rate cannot be projected to the
EU due to the lower recycling standards, especially in Eastern and Southern Europe.

4.2. Possible Scenario for the Availability of NdFeB Scrap in the EU

Based on the theoretical recycling potential and the assumptions in Section 4.1, we obtained the
return flows depicted in Figure 7. The general trend was comparable with Figure 6, but on a much
lower level. The scenario predicted an annual recycling rate increase from 1% to 21% of the theoretical
potential. The overall recycling potential from 2018–2040 was about 25,700 t of NdFeB (see Table 2),
corresponding to 7100 t Nd and 1100 t Dy. In comparison to the global consumption of these elements
for NdFeB magnets, the impact on the REE market will be low. According to [10], the global demand
for Nd/Pr and Dy/Tb was 28,900 t and 2000 t, respectively, in 2013, and is expected to increase to an
annual demand of 62,400 t Nd/Pr and 7200 t Dy/Tb until 2035.

The highest recycling potential will stem from mobility and wind turbines, which shows strong
growth after 2028. Before 2028, the amounts do not exceed 250 t/year, 1,000 t will be reached around
2033, which is considered the minimum amount for an industrial recycling plant [47]. The predicted
return flows in 2018 are in accordance with the information we received from interviews with
scrap dealers, who estimated the market volume to be 60–80 t without production wastes from
magnet producers.

 
Figure 7. Estimation of the realistic return flows by application in tons of NdFeB and overall
recycling rate.
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Table 2. Comparison of the theoretical potential and realistic returns of NdFeB in tons accumulated
from 2018 up to 2040.

Application
Theoretical Potential

Returns [t NdFeB]
Estimated Realistic Returns [t NdFeB]

Electric Vehicles 36,336 7097 (28%)
Hybrid Electric Vehicles 49,320 9140 (36%)
Auxiliary Vehicle Motors 60,861 0 (0%)

Electric Bikes 23,832 292 (1%)
Industrial Motors 10,575 232 (1%)

Wind Turbines, Direct Drive 5776 4678 (18%)
Wind Turbines, Hybrid Drive 3066 2483 (10%)
Magnetic Resonance Imaging 31,585 1579 (6%)

Hard Disk Drives 8704 174 (1%)
Audio Devices 2836 0 (0%)

Total 232,891 25,675 (100%)

5. Discussion and Conclusions

Since the REE crisis, a lot of research regarding the recycling of NdFeB magnets has been
conducted and several companies have discussed the development of NdFeB magnet recycling as
a business segment. Despite all these activities, industrial recycling of NdFeB wastes does not take
place in the EU. Instead, collected scrap is exported to China and Japan for recycling. This is desirable
from an environmental point of view [15], but does not reduce the import dependencies of European
companies, a proclaimed objective of many political initiatives.

This study shows that the main reason for this situation is the insufficient amount of NdFeB scrap
to feed an industrial plant. According to our appraisal, the necessary volumes above 1000 t/year cannot
be expected before 2033. Furthermore, at present, the necessary recycling technology is not available at
an industrial scale in Europe. However, considering the predicted slow increase of available NdFeB
waste in the upcoming years, there is enough time to scale-up the developed approaches.

Although NdFeB magnet recycling is currently not a profitable business segment for recycling
companies, our forecast shows that a strong increase of the available scrap amounts can be expected
in the future. Therefore, companies should regularly review industrial trends and scrap market
developments to enter the market at an optimal time.

Regarding future research and development, our study shows that an emphasis should be laid on
an efficient extraction of NdFeB magnets from mobility applications and wind turbines. In comparison,
most other applications are of minor importance for economic reasons, due to expected technological
changes, and export to non-EU countries for second use.

Furthermore, a critical discussion regarding the funding of research and development in the
field of metallurgical recycling of NdFeB magnets is necessary. Considering the small market share
of European magnet producers (approx. 1%), the demand for neodymium and dysprosium metal,
which are both primarily used for the production of NdFeB magnets, is low. Both metals are mainly
imported to the EU in the form of magnets or magnet containing products. Therefore, the future
markets for recycled neodymium and dysprosium are presumably in Asia.

However, a funding stop would inevitably lead to a major loss of metallurgical and material
expertise in Europe, which has been (re)built in recent years, and to a further consolidation of Europe’s
dependency on Asia. Considering the importance of NdFeB magnets for the European automotive
and other industries, this development bears major risks. However, to avert these risks a fundamental
reorientation in the European raw material policy would be required.
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Abstract: Aluminium secondary materials are often contaminated by impurities such as iron. As the
alloy properties are affected by impurities, it is necessary to refine aluminium melts. The formation
of Fe intermetallics in aluminium melts can be used to develop a purification technology based on
the removal of intermetallic compounds. In this study, the temperature range for effective separation
of intermetallics was determined in an industrial-relevant Al–Si–Fe–Mn system with 6 to 10 Si wt. %,
0.5 to 2.0 Fe wt. %, and 0 to 2.0 Mn wt. %. Based on DTA (Differential Thermal Analysis) and SEM
(scanning electron microscope) results and following the rules of phase boundary drawing, isopleths
were drawn. This method allows to derive the temperature ranges of intermetallic phase stability
and can be applied for the assessment of melt-refining parameters.

Keywords: aluminium purification; iron removal; intermetallic formation; polythermal section

1. Introduction

In order to achieve legal recycling rate requirements (e.g., regarding end-of-life vehicles, 95% of
materials must be recycled), material cycles must be almost completely closed. The recovery of
all metals in their pure form, however, is not possible. Secondary recovered materials are often
contaminated. The complexity of such materials leads to difficulties in sorting, as well as to impurity
pickup during the mechanical treatment processes. As property formation is affected by impurities,
aluminium end-of-life scrap is normally used for the production of cast alloys. Since impurities such
as iron accumulate in aluminium secondary alloys at values of up to 2 wt. %, it is difficult to produce
Al recycling alloys which conform to standards (Table 1). Therefore, it is necessary to refine aluminium
melts, as the current practice of diluting primary aluminium is becoming uneconomical. Among all
the impurities that need to be removed, iron is a serious challenge.

Table 1. Composition of some Al cast alloys, data from [1,2].

Alloy Identification Alloy Composition Limits, wt. %

Numerical Chemical Si Fe Cu Mn Mg Other

cast alloys for pressure casting
EN AC-44300 EN AC-AlSi12(Fe) 10.5–13.5 1.0 0.10 0.55 - 0.55
EN AC-46000 EN AC-AlSi9Cu3(Fe) 8.0–11.0 1.30 2.0–4.0 0.55 0.05–0.55 2.75

cast alloys for common application
EN AC-44200 EN AC-AlSi12(a) 10.5–13.5 0.55 0.05 0.35 - 0.40
EN AC-46200 EN AC-AlSi8Cu3 7.5–9.5 0.8 2.0–3.5 0.15–0.65 0.05–0.55 2.45

While many efforts have been made for the removal of iron from primary aluminium and
high-purity aluminium [3–6], only limited attention has been paid to that of secondary aluminium,
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which contains usually more than 2 wt. % Fe. Conventional ways of iron removal from high
iron-containing aluminium melts include filtration, centrifugal separation, and electromagnetic (EM)
separation [7–9]. All these methods are based on the principle of precipitation of Fe-enriched phases.
It is a well-known fact that in the Al–Si–Fe system, a variety of binary and ternary compounds
with Al exist, including Al3Fe, Al5FeSi, Al8Fe2Si, Al3FeSi, and Al4FeSi2 [10,11]. On the one hand,
the precipitation of these phases impacts the quality of the end products. On the other hand, it can
provide a basis for the development of a refining technology with the help of physical separation
process, e.g., filtration. Thus, it was the aim of a six-year project at IME (Institute IME Process
Metallurgically and Metal Recycling) to find elements that influence the residue–melt composition
in order to reduce the concentration of impurities, above all iron. Even if intermetallic compounds
are formed, the conditions and separation technique considered are very important for reaching
the highest grade of purity. The aim of this work was to determine suitable temperature ranges in
the Al–Si–Fe–Mn system in the industrially relevant concentration areas of 6 to 10 Si wt. %, 0.5 to
2.0 Fe wt. %, and 0 to 2.0 Mn wt. %, in which the separation of intermetallics becomes effective.

The eutectic iron content in a pure binary Al–Fe melt is 1.8 wt. % at 655 ◦C [10]. Therefore, in the
case of hypereutectic alloys (over 1.8 wt. % Fe), the iron content cannot be reduced by segregation
below this value. Iron precipitates in the form of the intermetallic compound Al3Fe, if the temperature
falls below the liquidus line (Figure 1). Since this intermetallic phase has a melting point of 1060 ◦C
and is insoluble in molten aluminium, it can be mechanically removed from molten aluminium,
e.g., by filtration. Nevertheless, this system has no industrial significance.

Industrial cast alloy compositions are based on the binary system Al–Si, where the ternary eutectic
iron content is reduced to 0.7 wt. % at 577 ◦C [10,11]. In the Al corner of this system, iron is present in
the phases Al3Fe, Al8Fe2Si, Al5FeSi, and Al4FeSi2 (Figure 2).

Figure 1. Al–Fe phase diagram calculated with FactSage™.

Figure 2. Liquidus surface in the Al corner of the Al–Si–Fe system [10].
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The addition of further alloying elements results in the formation of quaternary or higher alloy
systems with complex phase relations. Ternary and quaternary intermetallic compounds with iron are
formed in the Al–Si–Fe–Mn system, and iron solubility decreases to 0.29 wt. % at the eutectic point [12].
The current German standards regarding maximum Fe content in cast Al–Si–alloys range between
0.2 and 0.9 wt. % (depending on alloying class) [13]. For the current investigation, the Al–Si–Fe–Mn
system was applied because numerous intermetallics are formed in this system, and the residue melt
composition can be influenced depending on the Mn/Fe ratio [10–12,14,15]. Table 2 summarizes the
phases to be expected in the Al–Si–Fe–Mn system.

Table 2. Published data on the expected phases in the Al corner of the Al–Si–Fe–Mn system,
data from [10–12,14,15].

Phases
Components, wt. %

Al Mn Fe Si

Al8Fe2Si 56.0–62.6 – 30.0 7.4–11.0
Al5FeSi 59.4–60.9 <0,8 25.5–26.5 12.8–13.3

Al16(FeMn)4Si3 53.0–64.6 14.6–19.7 10.4–15.3 10.4–12.0
Al15Mn3Si2 58.0–60.3 27.7–29.5 <1.8 10.2–10.7

Al4FeSi2 46.9–48.0 <0.8 25.9 25.3–26.4

Until now, no quaternary phase has been clearly identified in this system [10,12,15]. Initially,
it was believed that an area of solid solutions existed between Al8Fe2Si and Al15Mn3Si2.
Later, this assumption was rejected on the basis of the fact that these compounds had different
crystal structures (hexagonal and cubic). The currently accepted version of the phase diagram
illustrates a broad range of solid solutions based on the compound Al15Mn3Si2 extending towards
the Al–Si–Fe surface [10]. In this variant, manganese is replaced with iron to form the compound
with the composition 31 wt. % Fe, 1.5 wt. % Mn, 8 wt. % Si. This broad range of homogeneity is
considered as quaternary phase Al15(FeMn)3Si2 [10]. On the other hand, Zakharov A. et al. studied
alloys containing 10–14 wt. % Si, 0–3 wt. % Fe, 0–4 wt. % Mn, and proposed the existence of the
quaternary compound Al16(FeMn)4Si3 [12]. The formation of this phase would allow a quasi-ternary
section Al–Al16(FeMn)4Si3–Si and the formation of two secondary systems on both sides of this section:
Al–Al16(FeMn)4Si3–Si–Al5FeSi and Al–Al16(FeMn)4Si3–Si–Al15Mn3Si2.

According to reference [10], the solid solution of iron in the Al15Mn3Si2 phase has a cubic structure
with a lattice parameter which decreases because of an increase of Fe content from 1.265 nm (0 wt. %
Fe) to 1.25 nm (31.1 wt. % Fe). The quaternary phase found in reference [12] has a face-centered cubic
structure with a lattice parameter of a = 1.252 ± 0.04 nm. The similar lattice parameters mean that it
cannot be determined which version of the Al–Si–Fe–Mn phase diagram is correct.

In references [11,15], it was proposed that non-equilibrium crystallization had a significant
effect on phase composition, especially in Al–Si–Fe alloys. This is because of the inhibition of
peritectic reactions, which take a long time to be completed. However, due to numerous intermetallics,
this system shows a potential for removing iron and manganese from Al–Si melts. Phase diagrams are
a useful tool for presenting the required relations in a metal system.

In comparison with binary systems (only two dimensions), ternary and multi-phase phase
diagrams (here and after in this article, “Multi-” refers specially to more than three) are rather
complicated. A ternary phase diagram is shown in Figure 3a, where the composition plane forms the
base triangle, and phase variations caused by temperature change are illustrated vertically (Figure 3a).
Vertical sections (Figure 3b) of a ternary phase diagram—also known as isopleths—have been widely
used because of their similarities to binary diagrams. Such sections are two-dimensional planes
constructed by cutting the three-dimensional diagrams with a slice which is vertical to the base
composition triangle. Once phase areas in an isopleth are clearly clarified, the liquidus and solidus
temperatures for certain alloy compositions can be readily read from it.
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Figure 3. (a) Temperature–composition space diagram of a ternary system (b) Isopleth through a
ternary system [16].

From the metallurgical practice point of view, multi-phase alloy diagrams involving four or
more elements are needed more than binary or ternary diagrams. This is because most commercial
alloys contain more than three alloying elements, even without taking impurity into consideration.
However, temperature–composition phase diagrams of multi components are extremely inconvenient
and highly complicated.

In order to determine the phase variation caused by temperature changes, as well as the composition
difference in complex multi-components system, a feasible way is to draw the corresponding three-
or two-dimensional sections, in which temperature and concentration of certain component(s) are
represented as variables.

For the construction of a two-dimensional isopleth, i.e., temperature–composition diagrams,
the following information is usually needed: (1) the general diagram including the number, disposition,
and identity of the phases and the respective invariant reaction, and (2) the temperature and
compositions along all boundary lines (and surfaces).

The most widely used method of constitutional investigation is Differential Thermal Analysis
(DTA). It is capable of locating the liquidus lines and at the same time indicating the general disposition
of phases and invariant reactions in the system. Its principle is extremely simple: every occurrence
of phase change is accompanied by exothermic and endothermic effects such as heat from the melt
crystallization. The delay and acceleration of the cooling speed compared to a reference material
is monitored.

2. Materials and Methods

In this research work, approximately 60 alloy compositions were prepared by induction melting
within the following concentration ranges: 6 to 10 wt. % Si, 0 to 2 wt. % Fe, and 0 to 2 wt. % Mn.
ICP (Spectro ICP-OES Spectro Ciros Vision, Kleve, Germany) analysis was applied to determine
the composition of the samples. Differential Thermal Analysis (DTA) (IME, Aachen, Germany)
and Scanning Electron Microscopy (SEM) (JEOL JSM-7000F, Tokyo, Japan) with integrated EDX
(Energy Dispersive X-ray analysis) (Oxford Instruments, Oxford, UK) were applied to determine phase
precipitations and the temperatures of phase transformations.

In order to allow an evaluation in the form of isopleths, three of four element concentrations were
kept constant. The groups of investigated alloys and isopleths are shown in Table 3. The manganese
content changed from 0 to 2 wt. % by representation on the isopleths in steps of 0.5 wt. %.
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Table 3. Groups of investigated alloys leading to the individual isopleth.

Group
Iron/Manganese Content, wt. %

Fe/Mn Step 0.5 Fe/Mn Step 0.5 Fe/Mn Step 0.5 Fe/Mn Step 0.5

AlSi6FeMn 0.5/0–2 1.0/0–2 1.5/0–2 2.0/0–2
AlSi8FeMn 0.5/0–2 1.0/0–2 1.5/0–2 2.0/0–2
AlSi10FeMn 0.5/0–2 1.0/0–2 1.5/0–2 2.0/0–2

Extended experimental equipment for the Differential Thermal Analysis (DTA) (IME, Aachen,
Germany) was built, containing a resistance furnace and a differential thermocouple (Figure 4).
The differential thermocouple consists of two connected thermocouples. The first one, the working
thermocouple, measured the temperature in the sample. The second one, the reference thermocouple,
measured the temperature difference which existed during cooling between the samples and the
reference substance. Two crucibles, one with the reference substance (Al2O3) and the other with the
sample, were placed in a steel block to ensure the same external heat conditions for both crucibles
during cooling. As steel has a lower thermal conductivity than Al, this block protected the crucibles
from temperature changes in the furnace space. Such changes could influence the temperature data
and distort the results.

In order to determine an isopleth with sufficient accuracy, a minimum of five alloys must be
investigated. After melting the alloy, the differential thermal analysis commenced. The sample,
weighing approximately 20 g, was placed in the crucible (Figure 4) and heated to 750 ◦C–760 ◦C.
This temperature value was chosen to allow a sufficient superheat. As according to literature data,
the melting point of the alloys studied was below or near 700 ◦C. Subsequently, the furnace was
switched off, and the cooling curve with a rate of approx. 4.5 ◦C/min was recorded.

Figure 4. Equipment for large scale Differential Thermal Analysis (DTA) at IME.

3. Results and Discussions

3.1. DTA Experimental Results

Figure 5 illustrates a cooling curve example for the alloy AlSi8Fe2.0Mn1.0 from isopleth
AlSi8Fe2.0–Mn. Two curves are indicated: one for the sample alloy and one for the reference (Al2O3).
The curve of the sample demonstrates two significant effects, whereas the reference curve shows four.
This is because of the special bonding of the thermocouples (Figure 4), whereby the reference material
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becomes very sensitive and can detect changes with lower evolutions of heat, e.g., at the liquidus
temperature. Therefore, it was presumed that four phase changes occurred in this alloy. Exemplary
DTA results are shown in Table 4 for the isopleths AlSi8Fe0.5-Mn, AlSi8Fe1-Mn, AlSi8Fe1.5-Mn,
and AlSi8Fe2.0-Mn; all data are published in reference [17]. After recording and evaluating all cooling
curves, the temperature–composition diagrams were created for these isopleths.

Figure 5. Cooling curve of the alloy AlSi8Fe2.0Mn1.0 from isopleth AlSi8Fe2–Mn.

Table 4. Results of the evaluation of the cooling curve effects of the alloys from isopleths AlSi8Fe0.5–Mn,
AlSi8Fe1–Mn, AlSi8Fe1.5–Mn, and AlSi8Fe2.0–Mn.

Alloy Mn, Effect 1 Effect 2 Effect 3 Effect 4

(Target) wt. % T, ◦C T, ◦C T, ◦C T, ◦C

AlSi8Fe0.5 0.00 602.3 586.4 - 574.4
AlSi8Fe0.5Mn0.5 0.54 612.0 599.2 585.0 573.7
AlSi8Fe0.5Mn1.0 1.22 649.9 601.2 597.0 574.7
AlSi8Fe0.5Mn2.0 1.94 675.0 633.0 602.1 574.9

AlSi8Fe1.0 0.00 613.0 598.1 - 574.9
AlSi8Fe1.0Mn0.5 0.47 620.7 606.0 600.0 573.5
AlSi8Fe1.0Mn1.0 0.92 634.2 605.7 580.0 573.0

Al Si8
Fe1.0Mn1.5 1.50 680.5 611.0 607.0 574.3

Al Si8
Fe1.0Mn2.0 1.98 691.4 640.0 612.9 574.8

AlSi8Fe1.5 0.00 614.3 606.4 - 574.4
AlSi8Fe1.5Mn0.5 0.56 645.0 638.0 609.9 572.8

AlSi8
Fe1.5Mn1.0 1.12 672.4 614.0 611.7 573.2

AlSi8Fe1.5Mn1.5 1.56 681.3 612.6 576.0 574.0
AlSi8Fe1.5Mn2.0 2.04 693.1 630.0 613.6 573.8

AlSi8Fe2.0 0.00 616.3 608.4 - 574.4
AlSi8Fe2.0Mn0.5 0.54 657.1 609.2 589.1 573.0
AlSi8Fe2.0Mn1.0 1.09 683.8 612.0 585.0 574.1
AlSi8Fe2.0Mn1.5 1.36 703.6 638.0 612.5 573.8
AlSi8Fe2.0Mn2.0 1.99 710.5 613.2 575.0 573.6

3.2. Precipitated Phases

Figure 6 shows exemplary SEM examination patterns of the alloys AlSi8Fe2Mn0.5(a) and
AlSi8Fe2Mn1.0(b) performed by GfE (Gemeinschaftslabor für Electronenmikroskopie) RWTH
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(Rheinisch-Westfälische Technische Hochschule) Aachen University. The dark grey crystals are eutectic
silicon precipitations. White needle-like precipitations indicate the ternary phase Al5FeSi. The groups
of white net-forming precipitations (also known as Chinese script) are clusters of the quaternary phase
Al(FeMn)Si. These descriptions of phase shapes were previously accepted, as in references [18,19].
The composition of the precipitations was determined by EDX analysis.

Figure 6. SEM pattern of the microstructure.

According to the EDX microanalysis of the investigated alloys, the compositions of the phases
precipitated were determined and are shown in Table 5. The appearance of the above-mentioned phases
depended on their composition, and the extent varied with the Mn content of the alloy, especially for
the precipitation of the Al(FeMn)Si phase. Mn content in the quaternary phase increased from 8.42 to
15.68 wt. %, and Fe content decreased from 18.64 to 12.57 wt. %, correspondingly (Figure 7).

Figure 7. Composition change in the Al(FeMn)Si phase with increasing Mn content in the alloy group
AlSi8Fe1.5–Mn.

The ternary Al5FeSi disappeared after a specific Mn content was reached in the alloy, and the
formation of Al16(FeMn)4Si3 was not as clearly determined as reported by A. Zakharov [12]. This was
caused by the fact that the Mn content of our Al(FeMn)Si phases changed with the Mn content of the
alloys. On the other hand, the diagram version proposed by L. Mondolfo [17] cannot be accepted
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as fundamental information for drawing the isopleths because of Al5FeSi disappearance (see above).
Since phase compositions are significantly influenced by the crystallization conditions, the deviations
in the Mn content of the Al(FeMn)Si phases, in comparison to A. Zakharov’s study, must be considered
in consequence of different crystallization conditions.

Table 5. Composition of detected precipitated phases in all investigated alloys.

Phase
Components, wt. %

Al Mn Fe Si

Al matrix 98.37–99.66 0.0–0.45 0.0–0.50 0.73–2.55
Al5FeSi 55.02–56.03 1.92–2.59 23.73–26.21 16.86–17.65

α-Al(FeMn)Si 57.77–61.46 8.07–17.39 12.62–19.85 10.06–13.70
β-Al(FeMn)Si 56.47–62.58 12.63–17.93 11.25–13.44 10.84–11.34

Si 0.30–3.50 - - 96.50–99.77

3.3. Developing Isopleths from DTA and Phase Analysis Results

Based on the DTA and SEM results, 12 isopleths were drawn (according to Table 4). All isopleths
are published in reference [17]. As examples, four isopleths AlSi8Fe–Mn are shown in Figure 8a–d.

The construction of isopleths was based on the following theory as well as on rules of phase
boundary drawing:

(1) The quaternary Al(FeMn)Si are differentiated by the Mn/Fe ratio into α-Al(FeMn)Si if Mn/Fe ≤ 1.1
and β-Al(FeMn)Si if Mn/Fe > 1.1. These three systems are formed depending on the Mn/Fe ratio
of the alloy: if Mn/Fe < 1.1, after crystallization, the alloys consist of Al–α-Al(FeMn)Si–Si–Al5FeSi;
if Mn/Fe > 1.1, the alloys consist of Al–α-Al(FeMn)Si–Si–β-Al(FeMn)Si; if Mn/Fe = 1.1,
only Al–α-Al(FeMn)Si–Si coexist [12].

(2) Crossing the tilted phase boundary line leads to exhaust or precipitation of one phase, whereas
passing through the horizontal phase boundary line, where eutectic or peritetic reactions occur,
causes exhaust of one phase and precipitation of one phase, respectively. Crossing a point-phase
boundary results in either exhaust (precipitation) of two phases or exhaust of one phase and
precipitation of the other [20].

In the case of AlSi8Fe1–Mn, α-Al or α-Al(FeMn)Si precipitated primarily, and the liquidus
line (marked by in Figure 8b) was drawn by fitting the data of the primary precipitation
temperature. At the AlSi8Fe1 side, , , phase boundaries were extended from corresponding
points, which indicates, respectively, precipitation of Al5FeSi, Si, and exhaust of the melt. For Mn
content from 0.5 to 2 wt. %, the exhaust of melts were caused by two four-phase eutectic reactions:

(1) L + α-Al + α-Al(FeMn)Si + Al5FeSi = α-Al + α-Al(FeMn)Si + Si + Al5FeSi and
(2) L + α-Al + α-Al(FeMn)Si + β-Al(FeMn)Si = α-Al + α-Al(FeMn)Si + Si + β-Al(FeMn)Si

Depending on these reactions, , phase boundaries were drawn. At nearly 610 ◦C, , phase
boundaries were drawn because of not only the DTA results, but also of the fact that a three-phase
area should occur between of a two-phase area and a four-phase area. For Mn content of 1.0, it was
assumed that the precipitation of α-Al(FeMn)Si would lead to a decrease of Mn concentration in the
melt, and therefore α-Al was assumed to precipitate prior to that of Al5FeSi, according to which the
phase composition area was determined. Lastly, according to rules of phase boundary drawing,

– phase boundaries were added in the diagram for a complete isopleth.
It is worth noting that in the case of Al Si8Fe1.5–Mn isopleth, ternary phase Al5FeSi or quaternary

α-Al(FeMn)Si precipitated primarily, whereas in the case of AlSi8Fe2-Mn isopleth, ternary phase
Al8Fe2Si or quaternary α-Al(FeMn)Si precipitated primarily.
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In AlSi8Fe2-Mn isopleth, one more phase change occurred before the eutectic equilibrium:
L + α-Al + Al8Fe2Si + α-Al(FeMn)Si = L + α-Al + Al5FeSi + α-Al(FeMn)Si (shown as a dotted
horizontal line at 591 ◦C in Figure 8d). Therefore, the ternary Al8Fe2Si was absent in the microstructure
of solid alloys.

(a) 

(b) 

Figure 8. Cont.
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(c) 

(d) 

Figure 8. (a) Isopleth AlSi8Fe0.5–Mn. At 0, 0.5, 1, 1.5, and 2.0 wt. % Mn concentrations, three points
were set vertically, according to the DTA results shown in Table 4. (b) Isopleth AlSi8Fe1–Mn. At 0,
0.5, 1, 1.5, and 2.0 wt. % Mn concentrations, three points were set vertically according to the DTA
results shown in Table 4. (c) Isopleth AlSi8Fe1.5–Mn. At 0, 0.5, 1, 1.5, and 2.0 wt. % Mn concentrations,
three points were set vertically according to the DTA results shown in Table 4. (d) Isopleth AlSi8Fe2–Mn.
At 0, 0.5, 1, 1.5, and 2.0 wt. % Mn concentrations, four points were set vertically according to the DTA
results shown in Table 4.
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Serving as a reliable reference for deriving temperature ranges of intermetallic stability in a small
continuous range, these isopleths can open part of a process window for the removal of iron from
the melt through separation of Fe-enriched intermetallic compounds. For instance, in a melt with
2 wt. % Fe and 1 wt. % Mn (Figure 8d, isopleth AlSi8Fe2.0–Mn), the precipitation of α-Al(FeMn)Si can
be controlled by defining the temperature in an interval of 684 ◦C–643 ◦C, which could be employed
for Fe removal. If the melt is treated in the temperature range of 643 ◦C–610 ◦C, the precipitation and
segregation of two iron-containing phases, Al8Fe2Si and α-Al(FeMn)Si, can be expected. Below 610 ◦C,
α-Al, α-Al(FeMn)Si, Al8Fe2Si, and Al5FeSi will, respectively, crystallize from the melt. However,
with a decreasing temperature, the viscosity of the melt increases rapidly because of a more abundant
solid/liquid fraction, which makes phases separation difficult.

4. Conclusions

Alloys of the system Al–Si–Fe–Mn were investigated in the concentration range of 6 to 10 Si wt. %,
0.5 to 2.0 Fe wt. %, and 0 to 2.0 Mn wt. % by DTA and SEM analyses. Intermetallics precipitated during
solidification in the form of the ternary Al8Fe2Si, Al5FeSi, quaternary Al(FeMn)Si, and Si. With a
decreasing temperature, a series of peritectic reactions took place in the melt. Crystallization of the
alloys resulted in two four-phase eutectic reactions:

(1) L + α-Al + α-Al(FeMn)Si + Al5FeSi = α-Al + α-Al(FeMn)Si + Si + Al5FeSi;
(2) L + α-Al + α-Al(FeMn)Si + β-Al(FeMn)Si = α-Al + α-Al(FeMn)Si + Si + β-Al(FeMn)Si.

In the range of the investigated alloys, solid alloy consisted of α-Al–α-Al(FeMn)Si–Si–Al5FeSi
after crystallization if Mn/Fe < 1.1, of α-Al–α-Al(FeMn)Si–Si–β-Al(FeMn)Si if Mn/Fe > 1.1, and of
α-Al–α-Al(FeMn)Si–Si if Mn/Fe = 1.1.

Based on the results and following the rules of phase boundary drawing, isopleths were
constructed. It can be inferred from these isopleths that at low Mn content, the melt precipitates
primarily the low Fe-containing intermetallics Al5FeSi or Al8Fe2Si. With the rise of Mn content in the
melt, quaternary α-Al(FeMn)Si phase becomes the primary phase, thus a better refining effect can
be expected.

The isopleths can serve as an informative reference for the purification of secondary recycling
aluminium through the precipitation route from an industrial point of view. An initial idea concerning
the process design includes: (1) Composition setting by addition of Mn in the melt, (2) Fe-enriched
phase precipitation controlling by holding the melt at a specified temperature, and (3) Precipitated
phase physical separation by filtration.

The real quantity of precipitated α-Al(FeMn)Si or β-Al(FeMn)Si and Al5FeSi in the melt at different
temperatures is a matter of experimental investigation, which will be presented in future publications.
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Abstract: Ore-based ironmaking generates a variety of residues, including slags and fines such as
dust and sludges. Recycling of these residues within the integrated steel plant or in other applications
is essential from a raw-material efficiency perspective. The main recycling route of off-gas dust is
to the blast furnace (BF) via sinter, cold-bonded briquettes and tuyere injection. However, solely
relying on the BF for recycling implicates that certain residues cannot be recycled in order to avoid
build-up of unwanted elements, such as zinc. By introducing a holistic view on recycling where
recycling via other process routes, such as the desulfurization (deS) station and the basic oxygen
furnace (BOF), landfilling can be avoided. In the present study, process integration analyses were
utilized to determine the most efficient recycling routes for off-gas dust that are currently not recycled
within the integrated steel plants of Sweden. The feasibility of recycling was studied in experiments
conducted in laboratory, pilot, and full-scale trials in the BF, deS station, and BOF. The process
integration analyses suggested that recycling to the BF should be maximized before considering the
deS station and BOF. The experiments indicated that the amount of residue that are not recycled
could be minimized.

Keywords: recycling; cold-bonded briquettes; blast furnace; desulfurization; basic oxygen furnace;
dust; sludge; fines

1. Introduction

The production of steel in integrated steel plants generates a considerable amount of solid residues,
such as dust, sludges, slags, and scales. Some of these residues have chemical compositions reflecting
the raw materials charged to the process, whereas other residues (mainly slags) have properties suitable
for external applications. Recycling of the residues within the process or via utilization in other areas
is essential for sustainable steel production from the perspective of raw-material efficiency. However,
the recycling has to be economically justified and compatible from a process-technical standpoint.

The residues generated within the integrated steel plant differs between sites, depending on things
like gas-cleaning equipment, hot metal treatment (e.g., dephosphorization and/or desulfurization),
and rolling operation. In crude steel production, the major residues generated in the treatment of
off-gases are BF dust, BF sludge, BOF dust, and BOF sludge.

Metals 2018, 8, 760; doi:10.3390/met8100760 www.mdpi.com/journal/metals203
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The off-gas dust generated in the production of crude steel contains useful elements, such as iron,
carbon, and calcium, as stated in Table 1. Therefore, recycling of these residues within the integrated
steel plant has been thoroughly studied, and industrial use has been developed. In pellet-based BF
operation, in-plant residues can be included in cold-bonded briquettes that are top-charged into the
BF [1]. If the BF operates on sinter, residues can be included in the sintering mix [2]. Furthermore,
BF dust injection in the tuyeres has also been reported as an industrial operation practice [1].

Table 1. Typical composition in wt.% of selected off-gas dusts from the blast furnace (BF) and basic
oxygen furnace (BOF) [3].

Residue Fe C CaO SiO2 MgO Zn S

BF dust 15–40 25–40 2–8 4–8 0.3–2 0.1–0.5 0.2–1.3
BF sludge 7–35 15–47 3.5–18 3–9 3.5–17 1–10 2.4–2.5

BOF coarse dust 30–85 1.4 8–21 - - 0.01–0.4 0.02–0.06
BOF fine dust 54–70 0.7 3–11 - - 3–11 0.07–0.12
BOF sludge 48–70 0.7–4.6 3.0–17 - - 0.2–4.1 0.03–0.35

BOF primary dedusting 38–85 0.1–6.5 5.7–40 - - 0.1–1.5 0.02–1.3
BOF secondary dedusting 32–63 1.0–8 3.7–35 - - 0.5–13 0.1–1.1

Although thoroughly studied, complete recycling of these residues has not been achieved.
The challenges of recycling off-gas dusts to the BF arise when levels of tramp elements, mainly
zinc, reach undesired levels. Which levels are considered undesirable differs between sites. However,
150–400 g of zinc per ton of hot metal (HM) are typical values reported as acceptable in operations [4].
In the BF, zinc compounds are reduced to metallic zinc vapor by CO-rich gas in the lower regions
of the shaft. The zinc vapor follows the ascending gas and is reoxidized to zinc oxide in the colder
parts of the furnace. The zinc reoxidizes and condenses on the walls, the burden material, coke,
or fines carried by the gas phase. In the latter case, zinc may exit the BF through the off-gas. The zinc
deposited on the burden travels down to the lower region where it is reduced and volatilized again,
thus forming cyclical behavior. This means that the BF has a circulating load of zinc. The negative
effects of high-circulating loads of zinc in the BF includes increased consumption of reducing agents,
reduced carbon-brick-lining life, and scaffold formation, which may ultimately lead to disturbances in
the burden descent [4].

The main output of zinc from the BF is via the top-gas [5], i.e., the BF dust and sludge. If the dust is
recycled internally to the BF, the sludge cannot be recycled, as this would reintroduce the main output
of zinc from the BF back to the BF. Furthermore, as there are no external industrial-scale operations
utilizing BF sludge, this fraction would be landfilled within the integrated steel plant. This has been
recognized and the removal of zinc from BF sludge and recycling of the low-zinc fraction via the
sinter [6] or cold-bonded pellets [7] to the BF has been implemented in full-scale operations. However,
on-site recycling of the high-zinc fraction generated in the dezincing process has not been reported.

Recycling of the off-gas dust from the BOF to the BF has been successfully achieved using both
cold-bonded briquettes [1] and sinter [8]. Again, one of the limiting factors in recycling the dust
generated in the BOF process is the zinc content. In the case of BOF dust, the main input of zinc is
via the cooling scrap charged to the converter. The zinc content in BOF dust has been addressed by
hydrometallurgical approaches [9–12] and by employing a coke breeze-less sintering operation [13].
Also, as zinc evaporation mainly occurs early in the converting process, the possibility of in-process
separation of zinc has been suggested [14]. In-process separation of zinc has also been addressed by
optimizing the design of the gas-cleaning equipment [15,16]. Another way to enable recycling of a
major portion of the BOF dust back to the BF is by avoiding the use of scrap qualities containing zinc
by minimizing the zinc input to the BOF [1].

The challenge of zinc mainly applies when considering recycling of off-gas dust to the BF.
Thus, if other recycling routes are considered, the raw-material efficiency within the integrated steel
plant can be improved. The BOF has been acknowledged as an alternative route for recycling off-gas
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dust [8,17–20]. In one publication, recycling to the BOF by replacing the sinter coolant was recognized
to be limited in tonnage [17]. However, full-scale trials have shown that off-gas dust can successfully
be recycled via cold-bonded agglomerates to the BOF in amounts of 23 [18] and 40 kg/tHM [19].
Furthermore, cold-bonded briquettes were shown to be suitable for the recycling of all BOF sludge
back to the BOF [20]. In addition, hot briquetting has been employed to recycle the BOF dust back
to the BOF in industrial practice [8]. Nonetheless, adopting the BOF recycling route still requires
considerations of zinc, especially when BOF dust is recycled to the BF. If the BOF dust is recycled in a
closed-loop system to the BOF, zinc can be concentrated in the BOF dust [14]. When the zinc content
reaches a certain level, zinc producers can utilize the dust [14].

Based on the above, means for on-site recycling of off-gas dust from the integrated steel plants
have already been far-developed. However, there are still residues difficult to recycle, and a holistic
view of recycling within the process chain is required in order to find solutions to this issue. The present
paper sets out to develop such a holistic approach. Utilizing process-integration analyses, considering
the effects on raw materials and energy consumption for steel production, and different recycling
scenarios were studied. Based on the results of these analyses, experiments were conducted to analyze
recycling approaches that maximize the raw material and energy efficiency while addressing the
challenges of zinc. The approach included recycling of cold-bonded agglomerates to the BF, deS station,
and BOF.

2. Materials and Methods

2.1. Process Integration Analyses

The reference case used in the process integration analyses was the present scenario of in-plant
recycling at the two integrated steel plants in Sweden. The change in energy consumption for a fixed
crude steel production was considered in different recycling scenarios. These scenarios are presented
as the five cases shown in Figure 1. In the figure, the leftmost column presents the annual generation of
non-recycled off-gas dust generated at the BF, deS station, and BOF. The process integration analyses
were performed using the Excel spreadsheet-based model, TOTMOD. This model is based on the
spreadsheet model Masmod, presented by Hooey et al. [21]. The BF, deS station, BOF, and upgraded
method of BF sludge were included in the calculations. In addition, the calorific value of the BF gas
and the consumption of gas in the hot stoves were considered. Furthermore, an estimation of the
change in energy consumption corresponding to the reduced or increased charging rate of coke and
pellets were included.

Figure 1. Annual generation of residues not recycled as of 2012, as well as recycling considered in cases
1 through 5. All weights are given in dry weights.
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Case 1 through 5 in Figure 1 includes recycling of the BF sludge to the BF. Therefore, the BF
sludge has to be dezinced prior to recycling to avoid the accumulation of zinc in the BF. The BFs
in Sweden operate on pellets, and use cyclones recovering approximately 80% of the off-gas dust
as dry BF dust in the primary gas-cleaning equipment. Research on dezincing of sludges collected
under those conditions when only the finest particles are collected in wet gas cleaning were missing.
Therefore, experiments aiming at upgrading the BF sludge by generating a low-zinc and high-zinc
fraction were performed.

2.2. Upgrading of BF Sludge

In order to upgrade the BF sludge, physical separation methods and a hydrometallurgical
approach were tested on a sludge sample, with a d90 of 25.0 μm, provided by SSAB Merox.
Hydrocycloning and tornado-processing were employed as the physical separation methods.
The hydrocycloning of BF sludge has been presented in a previous publication [22]. The tornado
process is a high-velocity dry cyclone utilizing pre-heated air, as described by Tikka et al. [23,24].
The hydrometallurgical process employed was leaching in sulfuric acid at different pH levels at 80 ◦C,
as described previously [22]. After generating two fractions of the BF sludge, recycling of the low-zinc
fraction to the BF was studied.

2.3. Recycling to the BF

2.3.1. Experiments in Laboratory Scale and Pilot-Plant Scale

Recycling of the low-zinc fraction of upgraded BF sludge to the BF via cold-bonded briquettes
was studied in laboratory-scale and pilot-plant scale experiments. The iron, carbon, and zinc content of
the low-zinc fraction was 38.1%, 27.1%, and 0.24%, respectively. The different recipes for the briquettes
are presented in Table 2. The reference recipe represented a briquette composition used in industrial
practice at SSAB in Luleå. Upgraded BF sludge from the tornado process was used in the B1 and
B2 recipes.

Table 2. Recipes of the briquettes used in the laboratory scale and pilot-plant scale BF experiments.

Recipe
Upgraded
BF Sludge

deS Scrap
BOF Coarse

Sludge
BOF Fine

Sludge
Briquette

Fines
BF Dust Cement

Ref. 0.0 36.0 18.0 12.0 12.0 10.0 12.0
B1 10.0 31.4 15.7 10.5 10.5 10.0 12.0
B2 20.0 26.8 13.4 8.9 8.9 10.0 12.0

After briquetting, the tumbling index (TI) was determined after 24 h and 28 days of curing in
ambient room conditions. The measurements were made in accordance with a modified version of ISO
3271, the modification being the final sieving performed using a 6.0 mm instead of a 6.3 mm sieve.

The reduction of the different briquettes in BF shaft conditions were studied using a
laboratory-scale BF shaft simulation experiment. The equipment has been described previously
by Robinson [25]. Two programs were run, one representing the descent of the briquette along the
wall of the BF and one of the descent in the center. The two programs are depicted in Figure 2. A total
gas flow of 50 Nl/min was used in the experiments. The mechanical pressure applied on the sample
did not affect the total pressure of the gas phase, as shown in Figure 2.
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Figure 2. Heating profile, gas profile, and mechanical pressure during the (a) wall program and
(b) center program of the laboratory-scale BF experiment.

Briquettes produced using the recipes of Table 2 were also charged as basket samples to the LKAB
(a mining company in Luleå, Sweden) Experimental Blast Furnace (EBF). A thorough description of
the LKAB EBF has been provided previously [26]. The weight of the briquettes was recorded when
preparing the cylinder-shaped steel-wire baskets. At the end of the campaign, the baskets were charged
in eight different coke layers. All baskets contained one briquette of each type. The baskets descended
together with the burden material until the EBF was quenched with nitrogen gas. Subsequently,
the excavation was carried out by carefully measuring, examining, and photographing the different
layers. During the excavation, baskets in six out of the eight layers were retrieved and analyzed.

The laboratory and pilot-plant scale experiments were evaluated by crushing, grinding,
and splitting the briquettes and analyzing the sub-samples for the chemical composition and
mineralogy. The chemical composition was determined using X-ray fluorescence (XRF) analysis
(Malvern Panalytical, Almelo, The Netherlands). Furthermore, the oxidation degree of iron was
determined using ISO 2597 and the carbon and sulfur content was determined with a LECO combustion
CS444 analyzer (LECO, St. Joseph, MI, USA) with an infrared detector. X-ray diffraction (XRD)
(Malvern Panalytical, Almelo, The Netherlands) was used to study the mineralogy.

2.3.2. Full-Scale Trials in the BF

The results of the laboratory-scale and pilot-plant scale experiments were verified in full-scale
trials in BF No. 3 at SSAB Luleå. The upgrading of BF sludge, presented in Section 2.2, was done
in laboratory-scale experiments. Therefore, non-upgraded BF sludge was utilized in the full-scale
trials. Two briquette recipes were studied: one reference briquette (RB), and one briquette containing
BF sludge (BSB). In the latter recipe, part of the deS scrap was substituted with BF sludge, Table 3.
The briquettes were produced in industrial scale according to the standard method employed at SSAB
Luleå. The strength of the briquettes was evaluated after one day and after three weeks using the same
TI method as previously described.

After approximately three weeks of curing, the BSBs were charged over three days to BF No. 3 in
SSAB Luleå, using a charging rate that averaged at 97.3 kg/tHM. A reference period with three days of
stable operation was selected, during which the RBs were charged at an average rate of 99.6 kg/tHM.
The evaluation of the full-scale trials was conducted by studying changes in generated sludge and dust
amounts and their compositions. Also, the effect on the BF process was analyzed using operational
data, direct reduction rate, and mass and energy-balance calculations, deducing things such as the
carbon consumed by the process.

207



Metals 2018, 8, 760

Table 3. Recipes of the BF sludge briquette (BSB) and reference briquette (RB) used in the full-scale BF
trials (wt.%).

Recipe Steel Scrap deS Scrap
BOF Coarse

Sludge
BOF Fine

Sludge
Briquette

Fines
Mill Scale

BSB 10.0 22.5 6.6 6.6 20.6 2.0
RB 10.0 26.3 6.6 6.6 20.6 2.0

Recipe
Cont.

BF Dust
(Stored)

BF Dust
(Fresh)

BF Sludge Filter Dust Cement Water

BSB 4.0 7.6 3.8 1.9 11.6 2.9
RB 4.0 7.6 0.0 1.9 11.6 2.9

2.4. Recycling of Off-Gas Dust to the Steel Shop

2.4.1. Experiments in Laboratory Scale

As only the low-zinc fraction of upgraded BF sludge can be recycled to the BF, the high-zinc
fraction has to be recycled in the steel shop. The iron, carbon, and zinc content of this fraction was
29.6%, 19.5%, and 2.18%, respectively. The high-zinc fraction of the tornado-treated BF sludge was
incorporated in cold-bonded briquettes and pellets using the recipe presented in Table 4. The mixture
was designed to form a self-reducing agglomerate. Screening of the pellets was performed to achieve a
narrow fraction between 9.5 and 10 mm.

Table 4. Recipe of the briquettes and pellets used in the laboratory-scale smelting reduction experiments (wt.%).

High-Zinc Fraction of
BF Sludge

deS Scrap Secondary Dust Cement

25 50 15 10

The briquettes and pellets were subjected to lab-scale smelting reduction experiments to study
the melt-in behavior in conditions similar to charging the agglomerates in a ladle with hot metal.
The experiments using the briquettes were performed in an induction furnace with 80 kg of hot metal.
A smaller induction furnace with 10 kg of hot metal was used in the experiments for testing the pellets.
In both cases, the hot metal was taken from SSAB Luleå and the temperature of the melt during the
experiments was 1350 ◦C. The principle of the tests was the same in both setups: an agglomerate was
added to the surface of the melt and removed after predetermined times and quenched in nitrogen gas.
XRF analysis, titration, and LECO analysis were employed to analyze the chemical composition of the
agglomerates. Furthermore, XRD was used to determine the mineralogical composition. The mass loss
of the agglomerates was also recorded.

2.4.2. Full-Scale Trials in the deS Station and BOF

After the laboratory-scale experiments were performed, full-scale trials in the deS station and
BOF were executed. Again, the upgrading of the BF sludge was made in laboratory scale, meaning
that the high-zinc fraction of BF sludge could not be included in the cold-bonded briquettes used in the
full-scale experiments. Instead, fine and coarse BOF sludge were used, shown in Table 5. The upgraded
BF sludge was assumed to have sufficiently similar characteristics to the BOF sludges to partly replace
these residues in future recipes. The steel scrap fines shown in Table 5 comes from the BOF process;
it consists of material from the treatment of skulls and material from slopping during the blowing.
In order to balance the water content of the mixture prior to briquetting, dry-cast house dust from the
BF and water were added.
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Table 5. Recipe used for the briquettes used in the full-scale trials in the steel shop (wt.%).

Steel Scrap
Fines

BOF Coarse
Sludge

BOF Fine
Sludge

Mill Scale from
Cont. Casting

Cast House
Dust

Water Cement

44 22 18 4 1 1 10

Prior to charging the briquettes to the deS station and BOF, the briquettes were dried to 1.2 wt.%
moisture to avoid incidents of smaller explosions. In the deS station, the briquettes were added in ten
different trials in amounts ranging from 100 to 300 kg per heat. The additions were made to a ladle
holding small amounts of hot metal in the bottom. After adding the briquettes, hot metal from the
torpedo car was tapped into the ladle. The melt-in was studied visually and the effect of the addition
on the final steel quality was evaluated. The charging of the dried briquettes to the BOF was made
together with the steel scrap. Nine trials with an amount of 600 to 1250 kg of briquettes per heat
were performed.

The results of the process integration analyses and feasibility for recycling methods based on
experimental procedures were used in developing a holistic approach towards the recycling of the
off-gas dust.

3. Results and Discussion

3.1. Process Integration Analyses

The category labeled non-recycled in Figure 1 illustrates the annual generation of the residues
considered in the analyses. The remaining categories in the figure illustrates the increased raw-material
efficiency corresponding to each calculation case. The first two cases consider recycling of BOF fine
sludge and upgraded BF sludge to the BF. In addition to these residues, the second case considers
increased recycling of BF dust back to the BF as well. Based on the second case, the third and fourth
case considers the additional recycling of the high-zinc fraction of upgraded BF sludge to the deS and
BOF, respectively. The fifth case considers a different scenario where the majority of the residues are
recycled to the BOF. In this case, the BF sludge is not upgraded—instead, part of the sludge is recycled
to the deS station while the rest is recycled to the BF.

Case three through five have the highest recycling rates. The fine-grained residue not recycled
in these cases is the secondary dust. All materials cannot be recycled from a technical point of view
due to the accumulation of tramp elements in the process. The secondary dust is a feasible stream to
recycle outside the integrated steel plant, as the tonnage of this residue is, by far, the lowest of these
fine-grained residues.

Figure 3a illustrates the change in energy consumption in the process system corresponding to
the different calculation cases. By summarizing the effect of each individual process, the net change in
energy consumption was calculated for each case, shown in Figure 3b. The net change consistently
decreases from case one to case four. The energy savings stem from the decreased specific consumption
of coke and iron ore pellets connected to the recycling of the iron and carbon in the residues. The most
efficient decrease in the net energy consumption was calculated for case four, where a total decrease of
126 GWh/year was estimated.

Unlike cases one to four, case five mainly considers the recycling of the residues to the steel
shop. The calculations suggest that recycling the residues in this manner would generate an increased
net energy consumption of 26 GWh/year. This can be explained by the fact that the addition of
agglomerates to the BOF will decrease the scrap capacity due to the excess heat required for melting
and reduction. To maintain the fixed crude steel production used in the calculations, the hot metal
production needs to be increased. This results in a higher energy consumption at the BF, as compared
to the reference case.
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Figure 3. Results of the process integration analyses: (a) Change in energy used in each process; (b) net
change in energy consumption.

The calculations suggest that the residues not recycled as of 2012 should primarily be recycled to
the BF prior to considering the steel shop. Case four considers recycling of the remaining BF dust to the
BF. Furthermore, BOF fine sludge and the low-zinc fraction of upgraded BF sludge are also considered
for the BF. The BOF is considered for the recycling of the high-zinc fraction of the BF sludge.

3.2. Upgrading of Blast Furnace Sludge

In order to achieve recycling for the most promising cases shown in Figures 1 and 3, the BF sludge
has to be upgraded, creating a low-zinc and high-zinc fraction. Table 6 presents the results from
the upgrading methods applied to the BF sludge of the present study. Considering the performance
of the different methods, the leaching in sulfuric acid at pH 1 and 80 ◦C was most promising in
terms of removing zinc. However, leaching in sulfuric acid at pH 3 and 80 ◦C resulted in a higher
recovery of iron and solids in the low-zinc fraction. The leaching time at pH 1 and 3 was 30 min
and 6 h, respectively. Nonetheless, the sampling during the leaching process indicated that the zinc
was successfully leached within 15 min at pH 1 and 1 h at pH 3. After the leaching process, the zinc
in the solution can be precipitated by adding alkali carbonates forming zinc carbonate. Thermal
decomposition of the zinc carbonate can be applied to form zinc oxide, which may be used by zinc
producers to produce metallic zinc [22].

Table 6. Results of the upgrading of BF sludge.

Method
% of Total Zinc in

High-Zinc Fraction
% of Total Iron in
Low-Zinc Fraction

% of Total Carbon in
Low-Zinc Fraction

% of Total Solids in
Low-Zinc Fraction

Leaching, pH 1 95 91 100 86
Leaching, pH 3 80 96 100 93
Hydrocyclone 74 66 37 59

Tornado 81 37 39 31

The results of the leaching experiments suggest that 80% of the zinc in the BF sludge was
distributed in weak-acid soluble phases, such as zincite (ZnO) and smithsonite (ZnCO3). The remaining
20% of the zinc was distributed as franklinite (ZnFe2O4).

Using physical separation methods, the results were promising with regard to the removal of
zinc. Both the hydrocycloning and the tornado treatment of the sludge proved to be less efficient
as compared to the leaching, with regard to recovering the iron, carbon, and solids in the low-zinc
fraction. Using ultrasonic sieving, the sludge was separated into narrow size-fractions and analyzed
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for zinc, iron, and carbon. The finest fraction, less than 5 microns in size, carried the majority of the
zinc; namely, 73.6% of the total zinc content in the sludge. In addition, this size fraction carried 49.2%,
47.2% and 43.6% of the solids, iron and carbon, respectively. Therefore, the efficiency of these methods
were limited by the distribution of zinc, iron, and carbon in the different size fractions.

The results of the upgrading experiments presented in Table 6 illustrates that BF sludge generated
by a BF operating on 100% pellets as ferrous burden and utilizing a cyclone as the primary gas cleaning
equipment can be upgraded, creating a fraction containing the majority of the zinc.

Although superior in performance, leaching has not been reported in full-scale operation.
However, a mobile pilot plant utilizing hydrochloric acid as a leaching agent has been developed and
tested [27]. Nonetheless, continuation of the present study was made based on the tornado-treated
sludge. The choice was made based on three principal reasons: (i) the zinc removal was satisfactory;
(ii) during the upgrading, the material was simultaneously dried to below 1 wt.% moisture; and mainly,
(iii) this process was the only one handling enough BF sludge required for the subsequent experiments.

3.3. Recycling to the Blast Furnace

3.3.1. Experiments in Laboratory Scale and Pilot-Plant Scale

The cold strength of the cold-bonded agglomerates is essential when determining whether the
agglomerates can sustain the conditions inside the BF. Inadequate cold strength leads to breakage
during material handling and charging, which results in increased dust formation from the BF.
Furthermore, low cold-strength may cause the agglomerates to disintegrate and impair the gas
permeability in the furnace. The tumbling indices of the reference B1 and B2 briquettes were
determined as 78%, 84%, and 81%, respectively. Thus, including up to 20 wt.% of the low-zinc
fraction of the tornado-treated BF sludge to the cold-bonded briquette recipe, shown in Table 2,
resulted in briquettes with sufficient tumbling strength to be top-charged into the BF.

The laboratory-scale BF shaft simulation experiments were used to study the reducibility of the
three different briquette types. Figure 4a,b shows the diffractograms of each briquette after the wall and
center program, respectively. In all cases, metallic iron was the only iron phase, as hematite, magnetite
and wüstite were reduced to a level below the detection limit of the XRD. Furthermore, the briquettes
with added upgraded BF sludge were consistently less disintegrated and harder to break. These visual
observations are in agreement with the tumble indices. Furthermore, the observations are in line with
the results presented by Singh and Björkman [28,29], who reported that cold-bonded briquettes with
coarser particles had a greater tendency to disintegrate in the LKAB EBF. The d50 of the reference,
and B1 and B2 recipes in the present study were determined to be 255, 185, and 145 μm, respectively.

The results of the laboratory-scale BF shaft simulation experiments were considered promising
and the briquettes were charged as basket samples to the LKAB EBF.

The mass loss of the three different briquettes with respect to the descent in EBF is presented
in Figure 5. The reactions presented in the figure were based on the diffractograms of the briquettes
at each location. Briquettes descending from the stockline to 1715 mm below the stockline was
associated with the reduction of hematite (Fe2O3) to magnetite (Fe3O4) and magnetite to wüstite (FeO),
and it the calcination of calcite (CaCO3) had also started. Reaching 2422 mm below the stockline,
the calcination was completed and the reduction of wüstite to metallic iron had finished in all briquettes.
All briquettes retrieved at and below 4246 mm below the stockline were partly broken. Also, cementite
(Fe3C) formation was observed in all briquettes at these levels.
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Figure 4. Diffractograms of the briquettes that have gone through the (a) wall program and (b) center
program of the laboratory-scale BF experiments.

Figure 5. Mass loss and reactions during the descent of the briquettes in the LKAB EBF.

Both the laboratory and pilot-plant scale experiments suggested that adding up to 20 wt.% of
upgraded BF sludge to a top-charged cold-bonded briquette is feasible in terms of strength and
reduction. Based on these results, a decision to charge briquettes containing 3.8 wt.% of non-upgraded
BF sludge, shown in Table 4, to BF No. 3 at SSAB Luleå was made. The non-upgraded BF sludge was
used as an approximation of the low-zinc fraction of upgraded BF sludge, as no full-scale upgrading
method was available. The more conservative addition of 3.8, as compared to 20 wt.%, was based on
the required addition to completely recycle the annual generation of BF sludge.

3.3.2. Full-Scale Trials

The effect of the addition of BF sludge on the cold strength of the briquettes used in the full-scale
BF was assessed with regard to the feasibility of top-charging the agglomerates. Table 7 presents the
results of the tumbler test experiments. Replacing deS scrap by BF sludge decreased the cold strength
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both after one day and after three weeks of curing. The general trend during the curing process is an
increase in the TI value after the prolonged curing as observed for the RB and the first batch of the BSB.
Although the BSB briquettes had lower TI values, the required cold strength for top-charging into BF
No. 3 at SSAB Luleå was met. Thus, the briquettes with BF sludge were considered suitable to charge
in the full-scale BF.

Table 7. Tumbling strength (TI values in %) of the reference briquettes (RB) and BF sludge briquettes (BSB).

Recipe 1 Day Curing 21 Days Curing

RB 74 81
BSB (first batch) 61 74

BSB (second batch) 69 68

No disturbances could be attributed to the BSB during the full-scale trials, suggesting that
the lower cold strength, shown in Table 7, did not affect the operation. Considering these results,
the recycling of BF sludge to the commercial-scale BF via the cold-bonded briquettes was achieved
without any negative effect on the operation linked to the briquettes. Thus, the trials in laboratory,
pilot plant, and full scale showed that cold-bonded briquettes can be used to recycle upgraded BF
sludge to the BF.

The zinc contents of the RB and BSB were determined to be 0.076 and 0.081%, respectively.
Therefore, when adding 100 kg of briquettes per ton of hot metal, the increased zinc load was 5 g/tHM.
The zinc load from the primary raw materials charged to BF No.3 varied between 30 and 41 g/tHM.
Thus, as the zinc input to the furnace from the primary raw materials was reasonably low, the increased
zinc load of 81 g/tHM for the BSB instead of the reference scenario of 76 g/tHM for the RB was
considered acceptable.

Based on the rate of addition of the cold-bonded briquettes and the annual production of hot
metal from BF No. 3, 11.4 tons of upgraded BF sludge can be recycled via cold-bonded briquettes each
year. This covers the annual on-site generation of BF sludge.

3.4. Recycling to the Steel Shop

3.4.1. Laboratory Scale Experiments

In order to completely recycle the BF sludge, the high-zinc fraction has to be recycled to the steel
shop. From an energy-efficiency standpoint, recycling to the BOF is preferred over the deS station,
shown in Figures 1 and 3. However, recycling to the BOF is accompanied by sulfur pick-up in the
crude steel [19]. This sulfur comes from the cement and residues in the briquettes. Therefore, adding
the briquettes to the deS station, prior to the deS of the hot metal, is of interest during the production
of steel grades with low sulfur content.

The melt-in behavior of the cold-bonded briquettes of Table 4 was studied in laboratory scale.
In the full-scale process, the briquettes would be charged to a ladle with small amounts of hot metal.
After the charging of the briquettes, the hot metal from the torpedo car would be poured into the
ladle. Thereafter, the ladle would be transported to the deS station. The time required for pouring hot
metal from the torpedo and transporting the ladle to the deS station was approximately ten minutes.
Therefore, ten minutes was chosen as the longest time the briquettes were in contact with the melt
in the laboratory-scale experiments. The propagation of the melt-in of the briquettes during these
experiments is presented in Figure 6. A majority of the briquette was still to be melted after ten minutes,
suggesting that melt-in problems can be expected in the full-scale process.
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Figure 6. Photographs of the briquettes of Table 4 after contact with hot metal at 1350 ◦C for (a) 1 min,
and (b) 10 min [30].

In order to study the propagation of the reduction in detail, XRD was run on samples within the
briquette that were in contact with the melt for 6 min. Five samples from the briquette, distributed
perpendicular to the surface of the melt, was analyzed using XRD. The results, provided in-depth in
a previous publication [30], showed that as the reduction progressed, the reduced part melted and
entered the hot metal. Also, the heat surrounding the rim of the briquette allowed self-reduction of the
higher iron oxides.

Four stages need to occur in order for the iron in the cold-bonded briquettes to enter the hot metal:
(i) heating, (ii) reduction, (iii) carburization of the iron, and (iv) melting of the carburized iron and
slag separation [31]. Based on Figure 6, part of the briquette had gone through all stages. However,
the results of the XRD suggested that the middle of the briquette was still undergoing the first stage
after 6 min of being in contact with the hot metal.

Considering the indicated slow heat transfer, reduction, and melt-in of the briquettes, the idea
of using pellets of the same recipe was to allow these smaller agglomerates to fully reduce and enter
the melt. The mineralogy of the pellets being in contact with the melt suggested that the iron oxides
were reduced to amounts below the detection limit of the XRD after a time of contact between 4 and
8 min, shown in Figure 7a. Thus, the reduction in the briquettes were limited by a combination of
the poor melt-in behavior and limited heat transfer. However, although the pellets were completely
reduced and smaller in size as compared to the briquettes, they still had melt-in problems, shown in
Figure 7b. These results are in line with the conclusions made by Ding and Warner, who found that
the reduction of carbon-chromite composite pellets could be considerably faster than the dissolution
when subjected to smelting reduction in high-carbon ferrochromium melts [32]. As the pellets were
completely reduced, the poor melt-in suggests that either the carburization of iron or the melting and
separation of the slag and carburized iron was the limiting step.

Although the results of the laboratory scale experiments suggested melt-in difficulties,
the full-scale trials were considered to be of interest due to the mixing effect during the pouring
of hot metal from the torpedo. Also, higher hot metal temperatures than tested in the laboratory-scale
experiments are possible, which may facilitate the melting and separation of the slag and carburized
iron in the agglomerates. In addition, the internal slag composition of the cold-bonded briquettes used
in the full-scale trials was designed to have a lower melting point than that of the laboratory-scale trials.

The upgrading of BF sludge was not made in full-scale. Therefore, the recipe of the briquettes
tested in the full-scale trials of the present study did not include any BF sludge. Instead, the briquette
recipe included BOF fine and coarse sludge. These two residues can partially be replaced by the
high-zinc fraction of the upgraded BF sludge. In such a scenario, the difference in carbon content and
oxidation degree of iron between the BF and BOF sludges has to be considered.
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Figure 7. (a) Diffractograms of pellets with 100% peaks of the iron phases denoted; (b) mass loss of the
pellets with respect to the time of contact with hot metal at 1350 ◦C [30].

3.4.2. Full-Scale Trials

Charging the briquettes to the ladle caused minor dusting. However, the moisture content
and strength of the briquettes allowed for safe operation without any incidents. The melt-in of the
briquettes prior to the deS started was evaluated visually. Charging up to 150 kg of briquettes enabled
melting of all added briquettes. In contrast, only partial melt-in was noticed when charging 300 kg
per heat. Nonetheless, after the deS process, no briquettes were observed, indicating a successful
melt-in. The final steel quality was not compromised in any of the trials, suggesting that up to 300 kg
of briquettes was possible to add into the process. This amounts to about 5400 metric tons of briquettes
per year. Therefore, the desulfurization station was shown to be a viable recycling route within the
steel shop.

Briquettes of the same recipe were charged in amounts of up to 1250 kg per heat in the BOF.
The briquettes were charged with the steel scrap, which had several positive outcomes, such as
improved slag formation and improved dephosphorization. However, the addition of the briquettes
also resulted in increased sulfur content of 6–17 ppm in the crude steel. Therefore, the recycling of
these agglomerates to the BOF is restricted to steel qualities that allow slightly higher sulfur content.
At the specific plant, 8700 metric tons of briquettes could be added each year.

In total, 14,100 metric tons of briquettes could be recycled annually. The percentage of the
high-zinc fraction of BF sludge required to be included in these briquettes to completely recycle the BF
sludge depends on the upgrading method employed, shown in Table 6.

3.5. Holistic View on Recycling of Off-Gas Dust

In order to develop a holistic view regarding on-site recycling of off-gas dust, four key aspects
should be considered: (i) maximizing the raw-material efficiency, (ii) maximizing the energy-efficiency,
(iii) managing tramp elements in the process, and (iv) maintaining the high steel quality and production.
The holistic view on recycling which was developed based on the results of the calculations and
experimental work of the present study is illustrated in Figure 8. The flowsheet is an extended version
of the on-site recycling within the pellet-based integrated steel plant presented by Wedholm [1].
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Figure 8. Illustration of the holistic view on recycling of off-gas dust within the integrated steel plant.

In the present study, the process integration analyses suggested that the BF should be utilized as
the main recycling route in order to maximize energy efficiency. Therefore, the existing recycling route
where the BF dust was generated on-site was completely recycled via the top-charging of cold-bonded
briquettes, and injection of BF dust in the tuyeres [1] was maintained in the flowsheet. In order
to address the third aspect in the list, the tramp elements, a dezincing step of the BF sludge was
introduced. The present study showed that the BF sludge could be upgraded and the low-zinc fraction
could be recycled to the BF via the cold-bonded briquettes. This layout allows an outlet of zinc to
be introduced from the recycling system of the BF, which mitigates the accumulation and excessive
circulating loads of zinc in the BF.

The BOF coarse sludge has previously been successfully recycled via the cold-bonded briquettes
to the BF [1]. Also, the BOF fine sludge has recently been included in these briquettes [1,33]. The zinc
content of the sludges from the BOF is managed by managing the quality of the cooling scrap [1].
Both of these residues were included in the briquettes used in the experimental work of the present
study, Tables 2 and 3, further establishing the possibility of this recycling route.

In order to maximize the raw-material efficiency and manage the tramp elements in the process,
part of the off-gas dust has to be recycled to the steel shop. In the present study, residues that are
recycled to the BF has been included in the recipes of briquettes that were recycled to the deS station
and BOF, shown in Table 5. This contradicts the energy-efficiency maximization, as shown in the results
of the process integration analyses in Figure 3. However, including these residues in the briquettes
is fundamental to achieve a recipe with a particle-size distribution that is suitable for producing
cold-bonded briquettes with adequate properties for handling during recycling.

Recycling via the steel shop using cold-bonded briquettes was shown to be feasible in the present
study. By avoiding recycling to steel grades of low sulfur content, the recycling route did not affect the
final steel quality. The incorporation of the high-zinc fraction of BF sludge in the briquettes, replacing
the BOF sludges, would enable the complete recycling of this residue. The laboratory experiments with
the briquettes and pellets containing the high-zinc fraction of the upgraded BF sludge showed melt-in
problems in hot metal at 1350 ◦C. If the addition of this fraction of the BF sludge would facilitate
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melt-in problems in the deS station, cold-bonded pellets could be used instead of briquettes in order to
improve the melt-in. The complete reduction of the pellets, without dissolution in the steel, would still
allow them to be recycled as the deS slag is crushed and the magnetic fraction is recycled to the BF via
the briquettes.

In the present recycling scenario, the main output of zinc would be the secondary dust.
This residue is by far the lowest in tonnage, shown in Figure 1, which poses two benefits: (i) the
raw-material efficiency of the on-site recycling is maximized, and (ii) the ability to concentrate tramp
elements is easiest. The secondary dust is residue generated in a filter treating the off-gas from the
deS station and the off-gas from the BOF prior to the start of blowing. Thus, the zinc being reduced
and evaporated from the cold-bonded briquettes charged to the deS station would enter this residue.
Furthermore, the zinc in the residues charged together with the cooling scrap to the BOF would at
least partly be reduced and evaporated during the charging of desulfurized hot metal to the converter.
Thus, an outlet of zinc from the process is created. The efficiency of this outlet depends, to some
extent, on the amount of zinc evaporating from the agglomerates prior to the start of blowing. Zinc
evaporated after the start of blowing in the BOF would enter the BOF coarse and fine sludge. As these
are partly recycled to the BF, the zinc load in the BF would increase. In conclusion, a system analysis
is required in order to analyze the effect on the overall zinc load in the integrated steel plant when
operating on the proposed recycling scheme presented in Figure 8.

Finally, in order to maximize the recycling, the secondary dust can be recycled outside the process.
In that case, the zinc content in the secondary dust has to be concentrated by closed-loop recycling.
When the zinc content is sufficiently high, external zinc producers can utilize the residue.

Based on the above, the present paper illustrated the possibility of utilizing process integration
analyses to decide the most efficient recycling routes of off-gas dust not being recycled today.
Furthermore, the experiments ranging from laboratory scale to pilot-plant scale and full scale showed
the feasibility of realizing these efficient recycling routes.

4. Conclusions

In the present paper, process integration analyses and laboratory, pilot plant, and full scale
experiments were utilized to develop a holistic view for the recycling of off-gas dust generated in the
BF, deS station, and BOF. The holistic approach considered a compromise between energy efficiency
and raw-material efficiency for the process system including the BF, BOF, and deS station. Furthermore,
the approach accounted for tramp elements, mainly zinc, while maintaining the production of
high-quality steel. The study suggested that the off-gas dust could be recycled, minimizing the
amount of non-recycled residues. The following findings improved knowledge considering recycling
within the integrated steel plant:

• Physical separation or hydrometallurgical approaches were shown to be feasible in upgrading
fine-grained BF sludge, although the sludge was low in zinc from the start.

• The low-zinc fraction of BF sludge can be completely recycled to the BF using cold-bonded briquettes.
• Recycling of cold-bonded briquettes to the deS station is feasible but restricted due to

melt-in capacity.
• The possible recycling rate to the steel shop is sufficient to completely recycle the high-zinc

fraction of upgraded BF sludge, depending on the chosen upgrading method.

A system analysis is required to estimate the increased zinc load in the integrated steel plant
when operating the recycling scenario presented in the holistic view.
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Abstract: An investigation was made on the super-gravity aided rheorefining process of recycled 7075
aluminum alloy in order to remove tramp elements. The separation temperatures in this study were
selected as 609 ◦C, 617 ◦C and 625 ◦C. And the gravity coefficients were set as 400 G, 700 G, 1000 G.
The finely distributed impurity inclusions will aggregate to the grain boundaries of Al-enriched phase
during heat treatment. In the field of super-gravity, the liquid phase composed of tramp elements
Zn, Cu, Mg et al. will flow through the gaps between solid Al-enriched grains and form into filtrate.
Both the weight of filtrate and removal ratio of tramp element improved with the increase of gravity
coefficient. The total removal ratio of tramp element decreased with the fall of temperature due to
the flowability deterioration of liquid phase. The time for effective separation of liquid/solid phases
with super-gravity can be restricted within 1 min.

Keywords: super-gravity; rheorefining; aluminum alloy; tramp element; separation

1. Introduction

Aluminum and its alloys are important metallic materials in modern industry due to their high
specific strength, corrosion resistance and good formability. And they can be considered as sustainable
materials due to the little loss of quality when being recycled. The energy consumption of recycling
aluminum scrap is only about 5% of that producing primary aluminum from bauxite using molten salt
electrolysis method [1]. The production of primary aluminum is energy intensive and causing heavy
emission of CO2. Thus, the production of secondary aluminum from recycled aluminum scrap has
both economic and environmental benefits. However, those tramp elements (Fe, Si, Mg, Zn, Cu, Mn,
Cr, etc.) exist in the recycled aluminum alloy scraps have to be eliminated or reduced before producing
secondary aluminum alloys. The development of sorting technology in solid state can help to adjust
the content of aluminum alloy scraps nowadays. Still, the accumulation of trace elements especially as
Fe, Mn and Cr after repetitive reuse is the main problem. The removing effect of Fe, Mn, Cr elements
was qualitatively proved in this study, and the detailed migration behavior of those three kinds of
element will be further investigated in our later works.

The molten metal refining processes can be mainly classified into four types: (1) electrochemical
refining (electrolytic refining), (2) physical refining (vacuum refining), (3) chemical refining (refining
with fluxes [2,3]), (4) metallurgical refining (refining based on phase diagrams). However, only the
metallurgical refining process features high efficient and large quantity. Based on the classification
of the metallurgical refining technologies by Ichikawa and Cho [4,5], we think they can be simply
divided into two categories depending on the form of tramp element containing phase removed from
the raw material: (1) in the form of solid intermetallic compounds [6–8] and (2) in the form of liquid
phase [9]. The method used in this study belongs to the later one. Those tramp elements will melt and
aggregate to the grain boundaries of solid primary aluminum at high temperatures under the melting
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point of aluminum. Thus a semi-solid system can be obtained and with certain solid/liquid separation
treatment the tramp elements can be removed from the primary aluminum phase. Then the aluminum
alloy scraps can be refined and recycled.

Flemings has first introduced the semi-solid processing (also called the partial/fractional
solidification or the rheorefining process) into the purification of metal alloy scrap [10]. In the
rheorefining process, alloy scraps are heated to the solid/liquid coexisting temperature range.
When the volume fraction of solid is small and the solid phases are oxides, nonmetallic inclusions or
other particulates with high melting point, the separation can be accomplished effectively by filtration
treatment [11,12], electromagnetic force [13–17] or gravitational sedimentation [18]. For example,
to separate the Fe-Al-Si or Si solid phases from aluminum melt. However, when the volume fraction
of solid is large, then the liquid phase is interspersed in the grain boundaries or interdendritic
space, where impurities of low melting point are invaded and accumulated. The liquid phase is
so finely dispersed that it is difficult to be removed from the dendritic solid. Ichikawa has investigated
the rheorefining process of Al-Sn and Al-Ni alloys to obtain high-purity aluminum assisted by the
mechanical squeeze [4]. However, the plunger speed was just about 2.8 × 10−4 mm/s and the total
squeezing time had reached to 72 ks. And it has high requirement on the components like plungers.
Cho etc. have performed comprehensive investigation on purification of aluminum alloys by backward
extrusion process, but we think the refining effect may deteriorate quickly when applied to large scale
experiments and the loss of aluminum is high for this method [5,19,20]. In the present work, for the aim
of further enhancing the segregation tendency of liquid phase from grain boundaries and improving
the separation efficiency, the super-gravity field generated by centrifugation was introduced in the
rheorefining process of 7075 aluminum alloys.

Song has investigated the removal of nonmetallic inclusions from liquid aluminum by
super-gravity [21,22]. Those nonmetallic inclusions have high melting point and the separation
temperature can be easily controlled between the melting points of inclusions and aluminum. While in
this study, in order to improve the flowability of liquid intermetallic compounds and keep the
aluminum matrix in solid state, the separation temperature should be kept a little lower than the
melting point of aluminum. Li has used the super-gravity field to separate valuable components
from metallurgical slags [23–25]. The separation temperature in his study was usually above 1300 ◦C,
which called high requirement on apparatus and experiment operation. Moreover, oxide melts usually
have high viscosity and low flowability compared to liquid metals. In view of this point, it is more
suitable to use the super-gravity technology in the separation treatment of molten metal system.
It has been known that in super-gravity field, the interfacial and surface tensions of liquid phase
are negligible. Then the flowability of the viscous fluid phase can be improved enormously and the
separation efficiency can be improved simultaneously. With the help of super-gravity field, the liquid
phase of low melting point will be drained from the Al-enriched solid phase in the form of small liquid
drops [26]. Thus, the liquid contaminated with impurities could be separated effectively from the
semi-solid alloy through a filter. However, few literatures can be found investigating the super-gravity
aided rheorefining of wrought aluminum alloys. The influence of separation temperature/time, gravity
coefficient and the detailed removal mechanism of tramp elements in this system are still unknown.
Thus, we carried out this investigation and try to clarify above issues.

2. Materials and Methods

In this study, the wrought 7075 aluminum alloy was selected as the experimental material,
which has high strength and is usually used for aerospace and structural engineering. The composition
of the raw material was determined by ICP-OES analysis and the result is listed in Table 1. The 7075
raw materials used in this study were rods of 17 mm in diameter and 30 mm in height divided from
lump material using electric-arc cutting. The experimental apparatus and the rheorefining process
are illustrated in Figure 1. The experimental apparatus are mainly composed of an electric furnace
and a centrifugal system. The two-stage graphite crucible with a porous support plate was used to
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complete the filtration process. The graphite felt of 5 mm in thickness 20 mm in diameter and 0.12–0.14
in volume density was used as the filter (the same as reference 25).

Table 1. Chemical composition of 7075 used in this study.

Element Si Fe Cu Mg Mn Cr Zn Al

Content/wt % <0.1 0.15 1.7 2.9 0.9 0.18 6.2 Bal.

Figure 1. Sketch map of the super-gravity rheorefining apparatus.

The experimental procedure is as follows. First of all, the electric furnace was heated to the preset
temperature (the temperatures used in this study are shown in Table 2). A 7075 billet was put into the
upper part of the two-stage graphite crucible and kept in the electric furnace for 20 min to achieve
a solid/liquid coexisting state. Then the centrifugal system was turned on with a certain gravity
coefficient. After the centrifugal treatment with a fixed time, the samples were taken out and cooled
in air. The upper sample is the residual and the lower sample is the filtrate. The residual part was
equally cut into two parts transversely. Finally, all the samples were grinded and polished for following
Scanning Electron Microscope (SEM) and Energy Dispersive Spectrum (EDS) analysis. Four layers were
chosen to be observed as illustrate in Figure 1. It was proved that the element content detected by EDS
was very close to that determined by ICP-OES analysis after separation processing. Thus, every value
of element was derived from the average values of three EDS results in this experiment. Totally 11 trials
were carried out in this experiment. The experimental conditions are shown in Table 2. The range of the
semi-solid temperature of 7075 was determined to be 475–640 ◦C [19,27], the separation temperatures
in this study were selected as 609 ◦C, 617 ◦C and 625 ◦C. And the gravity coefficients were selected
as 400 G, 700 G, 1000 G. The gravity coefficient was calculated as the ratio of super-gravitational
acceleration to gravitational acceleration via Equation (1) [28]. Where G is the gravity coefficient, N is
the rotating speed of the centrifugal (r/min), R the distance from the centrifugal axis to the center
of sample, R = 0.25 m, g = 9.8 m/s2. The holding time is the time that the sample was kept in the
electric furnace for heating. The separation time is the duration that the sample was subjected in the
super-gravity filed.

G =

√
g2 + (ω2R2)

g
=

√
g2 +

(
N2π2R

900

)
g

(1)

223



Metals 2018, 8, 701

Table 2. Experimental conditions used in this study.

Trials Temperature (◦C) Gravity Coefficient Holding Time (min) Separation Time (min)

1 609 400 20 5
2 609 700 20 5
3 609 1000 20 5
4 617 400 20 5
5 617 700 20 5
6 617 1000 20 5
7 625 400 20 5
8 625 700 20 5
9 625 1000 20 5
10 625 700 20 1
11 617 1 25 0

3. Results

3.1. Separation Effect of Solid/Liquid Phases

The separation process was carried out according to the introduction in Section 2, after which
the filtrate and residual parts were obtained. They were weighed and the result is shown in Figure 2.
The total weight was basically constant before and after separation which was about 18.3 g. The weight
of filtrates increased both with the enhancement of gravity coefficient and temperature. The minimum
weight of filtrate was obtained in trial 1 (1.8 g, 609 ◦C, 400 G) and the maximum was obtained in trial 9
(6.3 g, 625 ◦C, 1000 G). In trial 10 the weight of filtrate was 5.2 g and the weight of residual was 12.8 g,
which is close to that in trial 8 (filtrate 5.0 g, residual 13.3 g). In trial 11 there was no filtrate obtained
and the weight of residual was 18.3 g.

Figure 2. The weights of filtrate and residual in the trials 1–9.

3.2. Morphology in Different Layers

The distribution of alloying elements in the 7075 raw material is shown in Figure 3. It can be
seen that those intermetallic compounds are randomly interspersed as small particles in the matrix.
The tramp elements in the raw 7075 aluminum alloy are in the form of fine inclusions evenly distributed
in the matrix as shown in Figure 4a. Take trail 4 for an example, it can be found from the cross section
of filtrate that it is composed of light-colored impurity phase and dark Al-enriched matrix phase.
The ellipsoidal columnar crystals of the Al-enriched matrix phase distribute in the dense net shape
impurity phase. It can be found that some liquid phase containing tramp elements still remained
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on the grain boundaries of the residual part after separation treatment. The impurity phase in grain
boundaries of the Al-enriched matrix phase decreases from layer 2 to layer 4 gradually as shown
in Figure 4d–f. The SEM images in Figure 4b–e showed that the thickness and the number of grain
boundaries decreased, and some grain boundaries disappeared due to the compression effect caused by
super-gravity. The content of tramp elements from the top of the residual downward decreases slightly,
which proves that the separation effect declines from top to bottom of the residual. This phenomenon
may result from the increase of inhibition effect on the flow of liquid phase by those Al-enriched matrix
grains. However, the removal effects of tramp elements in different positions are all in high level and
differ just a little. Thus, the super-gravity field can help to overcome the flowing inhibition effect of
Al-enriched matrix grains on the liquid phase.

 

Figure 3. SEM and EDS analysis of the 7075 raw material.

 

Figure 4. Morphology of raw material (a), after heat treatment in trail 11 (b) and different layers
((c): layer 1, (d): layer 2, (e): layer 3, (f): layer 4) in trail 4 (BSE mode).
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3.3. The Composition and Distribution of Residual and Filtrate

The compositions of four kinds of layers as indicated in Figure 1 were analyzed with EDS.
The minimum magnification was selected when proceeding the EDS analysis to reduce the error
caused by the difference of phase distribution in different areas. 3 different areas in each layer were
analyzed and the average values of different elements were chosen as the final composition data.
The composition changes of four kinds of elements Al, Zn, Cu and Mg were mainly tracked in this
study. The composition data in trial 1–9 is displayed in Figure 5. It can be seen that the contents of Al
in all filtrates (layer 1) are lower than the raw material, and the contents of tramp elements Zn, Cu,
Mg are all increased. Regardless the gravity coefficient the content of Al reached the lowest value
(about 75 wt %) at 609 ◦C. With the increase of temperature the content of Al in the filtrate increased
and the contents of Zn, Cu, Mg decreased. The content of Al in each layer of residual scarcely varied
with temperature.

 

Figure 5. The compositions of different layers in trials 1–9: (a–c) layer 1, (d–f) layer 2, (g–i) layer 3,
(j–l) layer 4, (a,d,g,j) 400 G, (b,e,h,k) 700 G, (c,f,i,l) 1000 G.

To take trial 4 as an example, the EDS mapping results of layer 1 are shown in Figure 6. In the
grain boundaries of Al matrix is the net-shaped intermetallic compound zone containing Al-Zn-Cu-Mg
(those four elements were mainly investigated in this study. Fe, Mn, Si, Cr may also exist in the
intermetallic compound as illustrated in Figure 3). Its composition was determined with EDS spot
scan as: Al 17–18 wt %, Zn 35–39 wt %, Cu 24–26 wt %,Mg 15–17 wt %. Iron is the most pervasive
impurity element in aluminum alloys. The needlelike primary β-Fe [29] phase was found in layer
1 which composition is Al 70 wt %, Fe 20 wt %, Mn 3.2 wt %, Cr 1.0 wt %. According to the EDS
mapping results, the tramp elements Fe, Mn, Cr enriched in the filtrate and it is proved that those
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elements can also be removed to some extend with this method. Due to the low content of Fe, Mn, Cr
and the uneven distribution of needlelike Al-Fe-Mn-Cr phases (Figure 6), which will cause large error
by EDS analysis. Thus, we will track their content changes with ICP-OES method in our later study.

 

Figure 6. EDS mapping results of layer 1 in trial 4.

It was found that the Mg-Si-Al intermetallic phase exists in some conjunction sites of the net.
As shown in Figure 7a, the dark black area as indicated by an arrow is the Mg-Si-Al phase which main
composition is Mg 56 wt %, Si 36 wt %, Al 7 wt %. The fine texture of the net shape Al-Zn-Cu-Al
intermetallic phase is shown in Figure 7b, which is a typical eutectic structure.

 

Figure 7. Partial enlarged views of layer 1 in trial 4 under back scattering mode. (a) Mg-Si-Al phase;
(b) Al-Zn-Cu-Mg phase.

3.4. The Removal Ratio of Tramp Elements

The weight of Al, Zn, Cu, Mg in the filtrates can be calculated with the weight of filtrates and the
contents of Al, Zn, Cu, Mg. Then the loss ratio of Al and the removal ratio of other tramp elements can
be derived as:

Rx =
mf · Cx1

m0 · Cx
(2)

where Rx: loss ratio or removal ratio; mf: the weight of filtrate; Cx1: the content of Al, Zn, Cu or Mg in
filtrate; m0: the weight of original billet; Cx: the content of Al, Zn, Cu or Mg in the original billet. RAl is
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the loss ratio of Al, and RZn, RCu, RMg are the removal ratios of Zn, Cu, Mg respectively. The loss ratio
of Al and the removal ratio of tramp elements all increase with the enhancement of gravity coefficient.

The driving force for the liquid phase to separate from the grain boundaries increases with
the increase of gravity coefficient, then more filtrate can be obtained. Though the content of tramp
elements in the filtrate decreases a little with the increase of gravity coefficient as shown in Figure 5a–c,
the removal ratio of tramp elements still increases as illustrated in Figure 8b–d. The rise of separation
temperature will increase the amount of liquid phase and subsequently more filtrate will be obtained.
As the main component in filtrate is aluminum the rise of separation temperature will cause the
increase of aluminum loss ratio.

Figure 8. Loss ratio of Al phase (a) and removal ratio of tramp elements ((b): Cu, (c): Mg, (d): Zn).

4. Discussion

4.1. Effect of Separation Temperature

The increase of separation temperature will increase the amount of liquid phase and improve its
flowability, which will lead to the increase of the filtrate amount. According to the study of ahmad and
Cho, the solid fractions corresponding to each temperature in this work are 0.8 (609 ◦C), 0.72 (617 ◦C),
0.6 (625 ◦C) [19,27]. The weight ratio of the residual accounting for the total weight is close to the
theoretical solid fraction at the gravity coefficient of 1000 G. Thus, it is proved that the solid/liquid
separation ratio with 1000 G is close to the theoretical value of solid/liquid fraction at different
experimental temperatures. As shown in Figure 5, the content of aluminum decreases and the content
of tramp element increases in filtrate with lower separation temperature. But the amount of liquid
phase will decrease and the diffusion speed of tramp elements will drop with lowered separation
temperature. Meanwhile, the flowability of liquid phase will decrease. All those above reasons will
cause the less amount of filtrate obtained. Thus, the total removal ratio of tramp element decreases
with lower separation temperature as shown in Figure 8. With the rise of temperature the solid grains
of Al-enriched phase in the residual tended to fuse and left less voids, which can be reflected by
comparison of Figures 4 and 9.

228



Metals 2018, 8, 701

 

Figure 9. Morphology of layer 3 ((a): 400 G; (b): 700 G; (c): 1000 G) and layer 4 ((d): 400 G; (e): 700 G;
(f): 1000 G) in the residual part (609 ◦C).

4.2. Effect of Gravity Coefficient

The separation rate of solid/liquid phases grows as the increase of gravity coefficient [22],
resulting in higher weight of filtrate and dilution of tramp elements in filtrate. Thus, the contents of
tramp elements Zn, Cu and Mg decrease slightly with the increase of gravity coefficient as shown in
Figure 10. The net shape intermetallic phase in the filtrate becomes sparser with the increase of gravity
coefficient as shown in Figure 11, which indicates that the tramp elements are diluted in the filtrate
with heightened gravity coefficient. As shown in Figure 9, there were some voids observed in the
intercrystalline space on layer 3 and 4 when the separation temperature was 609 ◦C. Those voids were
left after the liquid phase flowed away. The softening trend of the Al-enriched phase was so weak that
it kept its original shape and did not fill the voids. The size of the voids increases significantly with the
growing of gravity coefficient. The larger size of voids corresponds to larger weight of filtrate.

Figure 10. The compositions of filtrates obtained under different gravity coefficients.

 

Figure 11. Morphology of layer 1 in the filtrate part (625 ◦C, backscattered electron mode (BSE)).
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4.3. Effect of Separation Time

The experiment with the separation time of 1 min was carried out at 625 ◦C with the gravity
coefficient of 700 G (trail 10) to investigate the influence of separation time on the separation effect.
The relevant data is very close to that of trail 8, such as the weight of filtrate, the content of tramp
element on layer 1–4, the removal ratio of tramp element. It is indicated that the separation rate of
solid/liquid phases has reached the maximum level and the prolonging of separation time dose no
good to the separation effect. The gravity coefficient is the crucial factor for separation effect compared
to separation time [23,25]. For the liquid phase, its flow trend under super-gravity field equals to
the viscous resistance when the separation limitation state is reached. A specific gravity coefficient
corresponds to a particular separation limitation state. The separation process under super-gravity
field is very fast, which 1 min is proved to be enough in this experiment.

4.4. Removal Mechanism of Tramp Element

7075 aluminum alloy is a kind of cold forged alloy, which features with fine grains and evenly
distributed tiny intermetallic inclusions. The eutectic melts with low meting point composed of tramp
elements like Zn, Cu, Mg, Fe et al. will migrate to the grain boundaries of Al-enriched phase forming
net shape after heat treatment, as shown in Figure 9b. The liquid of impurity phase will flow out of the
alloy matrix under super-gravity treatment, as illustrated in Figure 12, then the tramp elements will be
concentrated in the bottom filtrate.

Figure 12. Schematic diagram of the super-gravity aided rheorefining process in this work.

5. Conclusions

11 trails were carried out in this study, influence of gravity coefficient and temperature on
the separation effect and removal ratio of tramp elements are all investigated. The experimental
results showed that large amount of impurities were enriched in the filtrate. Effective separation of
liquid/solid phases with the aid of supergravity can be obtained within 1 min.

(1) It is proved that the tramp elements like Zn, Mg, Cu, Fe, Mn, Cr can be separated partly
from the Al-enriched matrix phase using this super-gravity aided rheorefining method. The increase
of separation temperature will lead to the increase of filtrate amount and total removal ratio of
tramp elements.

(2) The separation process can be extremely accelerated in the super-gravity field, which makes
great influence on the flowability of the eutectic melt containing impurities. Larger gravity coefficient
will lead to higher weight of filtrate and dilution of tramp elements in filtrate.
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(3) The sufficient aggregation of tramp elements in the eutectic phase of low melting point is
crucial to improve the removal ratio of impurities. The separation process in the super-gravity field is
so short and only 1 min of separation time is enough in this experiment.
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Abstract: Recycling of Li-Ion Batteries (LIBs) is still a topic of scientific interest. Commonly, spent
LIBs are pretreated by mechanical and/or thermal processing. Valuable elements are then recycled
via pyrometallurgy and/or hydrometallurgy. Among the thermal treatments, pyrolysis is the
most commonly used pre-treatment process. This work compares the treatment of typical cathode
nickel-cobalt-aluminum (NCA) material by conventional pyrolysis, and by a microwave assisted
pyrolysis. In the conventional route, the heating is provided indirectly, while via microwave the
heating is absorbed by the microwaves, according to the materials properties. The comparison is
done with help of a detailed characterization of solid as well as the gaseous products during and
after the thermal treatment. The results indicated at least three common stages in the degradation:
Dehydration and evaporation of electrolyte solvents (EC) and two degradation periods of EC driven
by combustion and reforming reactions. In addition, microwave assisted pyrolysis promotes catalytic
steam and dry reforming reactions, leading to the strong formation of H2 and CO.

Keywords: Li-ion battery; recycling; pyrolysis; microwave assisted pyrolysis; battery pre-treatment

1. Introduction

The depletion of non-renewable energy source with the growing environmental concern leads to a
necessity of using clean energy resources. In addition, the increasing demand of mobile energy resource
paved the way for the large requirement of batteries. Li-ion batteries (LIBs) play the most important
role in a broad applications, such as portable devices, power tools, hybrid electric vehicles (HEV),
plug-in (PHEV), and electric vehicle (EV) market [1], due to their high energy density, better cycle life,
lower rate of self-discharge, high average output voltage, reliability, and wide operating temperature
range [2]. With the increasing demands of LIBs, not only there will be a shortage of raw material [3–5],
but also, growing numbers of LIBs are approaching their end-of-life (EOL). The spent LIBs are
harmful to the environment and their disposal or incineration is not allowed by the legislation [4,6]
(Directive 2012/19/EU and Restriction of Hazardous Substances (RoHs)). Therefore, recycling is of
paramount importance.

LIB consists of cathode (e.g., nickel cobalt aluminum (NCA), lithium iron phosphate (LFP),
nickel manganese cobalt (NMC), lithium manganese oxide (LMO), and lithium cobalt oxide (LCO))
and anode (e.g., graphite and carbons) separated by an isolator. Cathode and anode are connected by
an organic electrolyte made out of Li-containing salts. Among them, the valuable cathode material
account for 42% the cost of Li-ion battery and are the main purpose for recycling [4].

In the recycling process, various methods have been developed for recycling lithium-ion
batteries [7,8]. Commonly, spent LIBs are pretreated by mechanical or thermal processing, or are
processed with a combined configuration. Valuable elements are then recycled via pyrometallurgical
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or/and hydrometallurgical treatment. Among all of the pretreatment methods, pyrolysis is the most
commonly studied process for LIBs [8,9].

As a new developed pyrolysis method, microwave assisted pyrolysis offer several advantages
that are based on its heating phenomena as compared to conventional pyrolysis, such as non-contact
heating, energy transfer over heat transfer, high heating rates, easy power control, high selectivity
of materials, uniform heating effect, and increased kinetics for the degradations process [10–13].
However, few of them have been applied for recycling of cathode material.

In this work, the degradation mechanism of a selected cathode material (NCA) from commercially
used lithium-ion batteries via pyrolysis process is studied. The comparison is drawn between
conventional pyrolysis and microwave (MW) assisted pyrolysis. In the microwave pyrolysis,
the sample is subjected to different temperatures to understand the characteristics of the material at
those temperatures and heating rates. The comparison is done with help of a detailed characterization
of solid as well as gaseous products during and after the thermal treatment.

1.1. Theory of Pyrolysis

Pyrolysis is defined as the chemical decomposition of organic materials through the application of
heat in the absence of oxygen [14]. Pyrolysis could be represented by the general equation (Equation (1)).
In general, it transforms organic materials into three main products: a solid carbonaceous residue,
non-condensable gas, and condensable gas called pyrolytic oil [15,16]. There are different parameters
that influence the pyrolysis process: temperature of the reaction, residence time, presence of catalysts,
gas velocity, particle size, reactor geometry, heating rate, and atmosphere [17].

CnHmOp + Heat → ∑ solidC + ∑ gasCxHyOz + ∑ liquidCaHbOc . (1)

Generally, pyrolysis undergoes several stages as temperature increases: dehydration (100–200 ◦C),
deoxidation and depolymerisation (~250 ◦C), cracking of aliphatic boundings (~340 ◦C), carburation
(380 ◦C), cracking of C-O and C-N boundings (400 ◦C), generation of bitumen and heavy fuel oils
(400–600 ◦C), cracking of bitumen (600 ◦C), and generation of aromatic compounds (>600 ◦C) [18].
Multiple reactions take place once the system enters into a semi-gasification stage during the cracking
periods, where carbon dioxide, oxygen, or steam react with each other and produce a combustible gas
mixture called syngas. The main reactions involved in this process are indicated in Table 1 [16].

Table 1. Typical reactions during pyrolysis [16].

Type Reactions

Combustion of carbon
C + O2 ↔ CO2 ΔH = −393.5 kJ/mol (2)

C + 1/2O2 ↔ CO ΔH = −111.4kJ/mol (3)

Combustion of hydrocarbons CxHy + (x + y/4)O2 → xCO2 + (y/2)H2O (4)
CxHy + (x/2)O2 → xCO + (y/2)H2 (5)

Gasification reactions
C + H2O ↔ CO + H2 ΔH = 131.3 kJ/mol (6)

CO + H2O ↔ CO2 + H2 ΔH = −41 kJ/mol (7)
C + 2H2 ↔ CH4 ΔH = −74 kJ/mol (8)

The basic heating principle of the traditional pyrolysis is based upon conduction, convection, and
radiation, where material is heated completely. The principal features of the conventional pyrolysis are
moderate heating rate (~0.17 ◦C/s), reaction temperature below 600 ◦C, and residence time between
10 s and 10 min [19,20]. In the traditional pyrolysis, the material is heated from outside to inside and
the produced syngas has a relatively high retention time, which permits secondary reactions in the gas
phase, which ultimately produces increased amount of condensates [10].
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1.2. Thermal Degradation of Organic Materials in Cathode of LIBs

Investigation on thermal degradation of organics via conventional pyrolysis in materials used in
LIBs has been studied in the past (see [21–23]). Based on the material composition of a conventional
LIB, some of the investigated materials are: Solid-Electrolyte Interphase (SEI) layer, which consists of
LiF, Li2CO3, ROCO2Li, (CH2OCO2Li)2, and/or ROLi; Electrolyte; graphite anode; cathode. The main
thermal degradation reactions that are happening in these materials are listed, as indicated in Table 2.
The electrolyte degrades with the increasing of temperature, while the SEI starts it degradation at
temperatures from 120 ◦C to 250 ◦C (see Equations (9) and (10)). After that, graphite anode decomposes
with electrolyte following the reactions that are shown in Equations (11)–(18) [24]. In addition,
the cathode decomposes when the temperature reaches the onset temperature of their decomposition
points (See Equations (19)–(22)). The polyethylene or polypropylene (PE/PP) based separator also
undergoes a shrinking and melting step at temperatures above 135–165 ◦C. In addition, the PVDF
binder also decompose itself by lithium reaction with fluorinated binder, as indicated in Equation (23).
Apart from these mechanisms, limited information can be found regarding degradation of organics
presented in LIBs via microwave pyrolysis [24–29].

Table 2. Main thermal degradation reactions of Li-ion batteries (LIBs) in cathode (based on [24–29]).

Type Reactions

SEI
(CH2OCO2Li)2 → Li2CO3 + C2H4 + CO2 + 1/2O2 (9)

2Li + (CH2OCO2Li)2 → 2Li2CO3 + C2H4 (10)

Electrolyte

LiPF6 � LiF + PF5 (11)
LiPF6 + H2O � LiF + HF + POF3 (12)

C2H5OCOOC2H5 + PF5 → C2H5OCOOPF4HF + C2H4 (13)
C2H5OCOOC2H5 + PF5 → C2H5OCOOPF4 + C2H5F (14)

C2H5OCOOPF4 → HF + C2H4 + CO2 + POF3 (15)
C2H5OCOOPF4 → C2H5F + CO2 + POF3 (16)

C2H5OCOOPF4 + HF → PF4OH + CO2 + C2H5F (17)
C2H5OH + C2H4 → C2H5OC2H5 (18)

Decomposition at the cathode

Li0.5CoO2 → 1/2LiCoO2 + 1/6Co3O4 + 1/6O2 (19)
Li(1−x)NiO2 → (1 − 2x)LiNiO2 + xLiNi2O4 (x ≤ 0.5) (20)

Li(1–x)NiO2 → [Li(1−x)Ni(2x−1)/3] [Ni(4−2x)/3]O(8−4x)/3 + (2x − 1)/3O2 (x > 0.5) (21)
Li(1−x)NiO2 → (2 − x)Li(1−x)/(2−x)Ni1/(2−x)O + x/2O2 (22)

PVDF binder –CH2–CF2– + Li → LiF + –CH=CF– + 0.5H2 (23)

1.3. Theory of Microwave Assisted-Pyrolysis

In comparison to conventional pyrolysis, microwave pyrolysis involves the transfer of energy to
the material through the interaction of the molecules inside the material [10]. Microwave behaves in
three different levels to materials, according to their dielectric properties, which can be determined by
the ratio between the dielectric loss and the dielectric constant of the material. This ratio is also called
loss tangent, being high (>0.5), medium (0.1–0.5), and low (<0.1). As an instance, the loss tangent of
carbonaceous materials oscillates between 0.1 and 0.8, so carbonaceous materials can be considered as
good microwave absorbers. Accordingly, materials could be classified into three categories according
to their interactions with microwaves: conductors, insulators, and absorbers [10,30]. Metals are
normally considered conductors as they reflect microwaves. Glass/ceramics are classified as insulators
since they behave transparent to microwaves [10]. It is understood that metals, being conductors,
cannot be heated significantly by microwaves that have penetration depths of few microns, thus they
reflect most of the microwaves. However, it is worth noting that there is strong implicit temperature
dependency on relative permeability and electrical conductivity. This means that materials can change
their dielectric loss factor while heating and become microwaves absorber, which might occur at
some specific temperatures. This effect has been seen more in metallic powders and thin metal foils.
When metal foils with sharp edges or irregularities are exposed to microwaves, they can also cause
electric arcs. These phenomena can be explained due to the fact that electric fields at the sharp edges

235



Metals 2018, 8, 565

will become large and the charges on the metal conductor move entirely towards the edges, behaving
like an antenna with very high voltages. These electric arcs are called electric discharges [13,31].

Microwave pyrolysis has been used for several organic containing materials like engine oil and
various biomasses, printed circuit boards, etc. [10,13,32]. However, the use of microwave pyrolysis
in recycling of spent LIBs has rarely been reported. In this work, the degradation of the NCA
cathode material through conventional as well as microwave assisted pyrolysis has been investigated.
The influence of heating rate, microwave exposure time, and temperature are considered in this study.
For both heating methods a detailed characterization of the solid and gas products is performed to
understand the fundamental reactions happening during the process.

2. Materials and Methods

Batteries with a cathode material of NCA show a high power reputation and improved
performance in terms of safety, having a relevant low market share today, but potential perspective in
the future [33,34]. The battery that was used in the experiments is shown in Figure 1a. The material for
the experiments is prepared manually by carefully separating the cathode from the anode. The cathode
which is comprised of NCA active material bound with binder onto both sides of an aluminum current
collector. After dismantle, there is still some portion of the electrolyte solvents (Detected: Propylene
carbonate (PC), Diethylcarbonate (DEC)) being distributed in the cathode foil. The cathode foils are
softly separated and cut into several pieces, as shown in Figure 1b.

 

Figure 1. (a) The battery used for the experiment and (b) starting material for the experiment.

After both the conventional and microwave pyrolysis tests, the output material is sieved (250 μm)
to identify the separation’s degree of aluminum and active mass. Most of the aluminum is present in
the unit with the particle size x > 250 μm and the active masses are present in the unit with the particle
size x < 250 μm after sieving. This gives the idea of the feasibility of active mass (also called black mass
after pyrolysis) separation after thermal treatment.

The chemical composition of active mass was also detected by X-ray fluorescence and a further
surface observation of Al foil was conducted by an electron probe micro-analyzer (EPMA) integrated
in a scanning electron microscope (SEM) (JEOL JXA-8530F, Peabody, MA, USA). The gaseous
product is analyzed by an integrated Fourier-transform infrared spectroscopy (FTIR) (Gasmet DX4000,
Gasmet Technologies Oy, Helsinki, Finland) during the tests.

2.1. Experimental Setup for Conventional Pyrolysis

For conventional pyrolysis, the test was conducted in a programmable resistance furnace
(Thermo-Star, Aachen, Germany). It can reach up to 1600 ◦C with a maximum heating rate of
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600 ◦C/h. For this particular work, a set temperature of 600 ◦C is selected with a heating ramp of
600 ◦C/h. The reactor has a volume of 1 L and it is sealed with a water cooling lid to create a fully
closed environment. It contained a pressure gauge, a gas sampling vent, a thermocouple, a carrier gas
inlet (Ar), and an exhaust. The reactor was hold at this temperature during two hours and then the
furnace was stopped and cooled down naturally. The experimental setup for conventional pyrolysis is
shown in Figure 2.

Figure 2. Experimental setup for the conventional pyrolysis test.

Before starting the experiment, a crucible was charged with 30 g of starting material and placed
inside the reactor. The thermocouple (type K NiCr-Ni) was adjusted to the center of the reactor to detect
the furnace temperature above the crucible during the process. The thermocouple was connected to
a thermo-logger to record the temperature every 20 s. The reactor was sealed and placed inside the
furnace and the gaps between the reactor and furnace was covered with glass wool. The exhaust was
connected to two sequentially connected bottles (As scrubbers), the first bottle was empty and it acted
as a safety so that to prevent the liquid in the second bottle entering into the reactor in case of pressure
loss in the FTIR pump. The second bottle contained distilled water to clean the produced gas and
prevent any oxygen going inside the reactor. The gas sampling vent was connected to the sampling
probe to collect samples of gas every 20 s during the process. FTIR analyzer and O2 analyzer were
turned on and left until their measuring cells reached 180 ◦C and 5 ◦C, respectively. FTIR analyzer
was calibrated manually using Calcmet software (Version 12.16, Gasmet Technologies Oy, Helsinki,
Finland). The main pump was adjusted to 3 L/min, whereas, the O2 analyzer pump was adjusted to
0.5 L/min. The furnace was programmed according to the experiment and turned on while all of the
analyzers and thermos-logger were recording.

2.2. Experimental Setup for Microwave Pyrolysis

The microwave reactor that was utilized for this work corresponds to a highly controlled
atmosphere microwave with eight microwave (MW) generators of 6 KW each, continuous controlled
power, and maximal capacity of 0.033 m3. For this experimental work only six out of eight generators
were used with half of its power (3 kW). Each generator was sequentially activated for 30 s to have
a homogeneous radiation in the sample. The power supply was stopped after reaching the target
temperature of 180, 350, 400 and 450 ◦C. The higher target temperatures were achieved by prolonging
the exposure time of microwaves to the material.
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A crucible filled with 30 g of material was placed inside the reactor. The reactor was closed and
sealed with resistant screws. In general, the analyzing system that was used in conventional pyrolysis
had also been used in the microwave assisted pyrolysis. The true temperature inside the crucible
was monitored and recorded with a thermocouple. The setup of the scrubber and the off gas analysis
method remained the same. The microwave system includes an infrared camera, which monitors
and records the temperature in the surface of the crucible. Before starting the microwave irradiation,
argon (6 L/min) was supplied to create the inert atmosphere reducing the amount of oxygen inside
the reactor. The microwave assisted pyrolysis plant is shown in Figure 3.

Figure 3. Microwave pyrolysis plant (unit: mm).

3. Results and Discussion

Because of the electric arcs that are formed in microwave, the true temperature of microwaves-assisted
pyrolysis is higher than the target temperature. The true temperature of microwaves-assisted pyrolysis
were 220, 360, 418, and 501 ◦C, respectively. The conventional pyrolysis is taken in this discussion as
a reference experiment. As it is known, a conventional heating assures the complete removal of the
electrolyte and induces the less impact in the metal foils in the absence of oxygen.

3.1. Solid Products Characterizations

The amount of mass loss after conventional as well as microwave pyrolysis, which indicates the
content of volatile in starting material, is shown as Figure 4. The amount of mass loss after the pyrolysis
in each experiment slightly increases from conventional to the microwave pyrolysis at temperatures
lower than 360 ◦C. For microwave pyrolysis the amount of mass loss increases with the temperature
increasing. As well, in Figure 4 it is seen that the amount of aluminum share (particle size x > 250 μm)
in the output material drastically decreases in the microwave treatment at temperatures higher than
360 ◦C, whereas the amount of active mass (particle size x < 250 μm) increases. These observations
can be explained to the following driven phenomena: the microwaves are normally reflected in thick
metals. For thin pieces of metal, like aluminum foils, prolonged microwave exposure would lead to
rapid heating and generation of electric discharges with very high voltages at the edges, which can
easily cause strong metal fragmentation of metal foils. Therefore, after 360 ◦C by microwave treatment
the active mass increases its share in the solid product.
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Figure 4. Mass loss and material distribution (active mass vs. aluminum) after pyrolysis.

In addition to the active mass yield ratio, the chemical composition of sieved active mass is
also detected, as shown in Figure 5. It could be seen that except for Ni and Al, there is no different
for the distribution of elements in the active mass after both conventional and microwave pyrolysis.
The distribution of Al and Ni show an exactly opposite relation. The purity of active mass decreases
after microwave pyrolysis at temperatures above the 360 ◦C with increasing content of Al2O3 and
deceasing content of NiO. To explain nickel mobilization, an electron probe micro-analyzer (EPMA) is
conducted for aluminum foil after microwave pyrolysis at 501 ◦C. It can be seen from Figure 6 that
most of elements like P, O, C, and Ti have similar distribution in the sample in the form of highly
concentrated spots following the remaining traces of the black mass. On the contrary, Ni element has
quite even and fine distribution in the sample in the whole surface, except for the typical concentrated
spots, as indicated for other elements. This can suggest some interaction between nickel and the
aluminum foils during the microwave treatment.

Figure 5. Variation of elements in the active mass during microwave pyrolysis.
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Figure 6. Aluminum foil after microwave (MW) treatment (MW 501 ◦C): presence of main elements in
the surface (electron probe micro-analyzer, EPMA).

In addition to elements analysis, surface observation is also carried out, as demonstrated in
Figure 7. When compared with the reference, there is still a lot of active mass attached on the Al
foil after microwave-assisted pyrolysis at 220 ◦C, which accounts for the low active mass yield ratio.
When the temperature is increased to 360 ◦C, the surface characteristic is similar with the reference.
Nevertheless, if the material is exposed to longer time to microwaves, some sparks with increased
temperature are expected. Therefore, Al foil melts at the edges at measured temperature of 418 ◦C.
This might lead to the increased of alumina content in active mass. When the temperature is increased
to 501 ◦C, it can be observed strong metal fragmentations of the Al foils, which can explain the high
mass loss for this trial (see Figure 4).

 

b a 

e 

c d 

Figure 7. Aluminum foil after treatment: (a) Reference; (b) MW 220 ◦C; (c) MW 360 ◦C; (d) MW 418 ◦C;
and, (e) MW 501 ◦C.
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3.2. Gas products Characterization

3.2.1. Degradation during Conventional Pyrolysis of a NCA Cathode Material

Cracking of organics during pyrolysis can be described as a very complex process and exact
formation of component are difficult to define due to the multiple reactions that happen simultaneously.
However, the determination of the gas formation gives some hints about the reactions that occurred
during the process. The cracking periods that happened during the conventional pyrolysis is identified
in Figure 8. During the whole process, at least three periods can be identified, where the organic
material degrades into volatile components and char by, dehydration, cracking, partial oxidation,
or reforming reactions.
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Figure 8. Produced gas analysis in conventional pyrolysis (Reference test).

The first period correspond to a dehydration process, which can be evidenced with the presence
of H2O in the produced gas at temperatures between 100–250 ◦C. After this, the second period begins
with formation of CO2, hydrocarbons, H2O, and CO. They are most probably being produced due to
combustion of hydrocarbons as indicated in reaction Equation (4). At 320 ◦C a white smoke appeared
in the scrubber, which continued until the temperature reached 360 ◦C. During this cracking period,
there are breakdowns of long chain into short chain molecules, which produces various gaseous
compounds, namely CO2, CO, H2O, CH4, phenols, and free carbon. The third cracking period is
registered between 400 ◦C and 600 ◦C, with the appearance of smoke again and generation of more
volatile gases with similar chemical constituents as the second cracking period but in less quantity.
In general, it can be observed that combustion of long chain hydrocarbons are probably the main
reactions taking place during the second and third cracking period, as is evidenced with the correlation
between H2O, CO2, and CO formations. However, free hydrogen was not detected during the whole
test. This could be explained due to the presence of free hydroxyl radicals that oxidized the hydrogen
atoms as concentration of them is not sufficient to form molecules. In addition, secondary reactions in
the gas phase can also explain the lack of hydrogen molecules in the pyrolysis gases. For this particular
case, free hydrogen could react in the gas phase with other components, like CO, C, and free oxygen
radicals before being measured, as indicated in Equation (8).

3.2.2. Degradation during Microwave Pyrolysis of a NCA Cathode Material

The microwave pyrolysis offers a heating rate of around 3.5 ◦C/s depending on the material and
quality of heat transfer to the material, which in contrast to conventional pyrolysis would be about
20 times faster. Due to the high speed pyrolysis, some strong variations are noticed in the generated
gas, as indicated in Figure 9. The main gases registered correspond to H2O, CO, CO2, CxHy, and H2.
Individually, for each test, it can be observed that as long as the material prolong the time that is
exposed to microwaves to reach higher temperatures, the concentration of the already defined gases
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are also increased. In general, the concentration of these gases reaches its maximum and then decreases
drastically. It can be observed in Figure 9 that after certain point, as long as the target temperature
is increased, some gases, like CO2 and H–C, decreases. This might be due to the formation of higher
concentration of other gases, like CO and H2. The microwave pyrolysis produced 49–94% of the H–C
produced in the conventional pyrolysis (5.71 mL/g of material). The main difference of microwave
when compared with conventional pyrolysis is the strong presence of free hydrogen in the produced
gas as well as increased presence of short chain molecules.
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Figure 9. Produced gas analysis in microwave pyrolysis at max. temp.: (A) 220 ◦C; (B) 360 ◦C;
(C) 418 ◦C; and, (D) 501 ◦C.

Formation of hydrogen during microwave pyrolysis can be explained due to two mechanisms
that might occur separately or together: (I) Equations (5) and (7) take place due to the high energy
coupled with the material that can reach higher temperatures than the temperature that is registered by
the thermocouple; (II) Hydrogen is formed due to the strong degradation of long chain hydrocarbons,
which due to very high cooling rate of the produced gas when leaving the sample hinders major
secondary reactions involving hydrogen in the gas phase. Similar to conventional pyrolysis, the
presence of H2O, CO2, and CO strongly indicated that the combustion/partial oxidation of long
hydrocarbons are also playing an important role in the degradation of LIB cathode material by
microwave heating.

From Figure 9, it is also possible to notice that all experiments under 360 ◦C showed similar
degradation mechanisms. However, when prolonged exposure to microwave to reach higher
temperatures than that, aluminum experience a self-heating effect with the microwaves, reaching very
high temperatures in very short period of time, thus leading to partial melting and eventually the
formation of sparks (see Figure 7). This can be evidenced by the increased amount of hydrogen
at higher temperatures in the form of peaks (Figure 9D). However, it is also noticed that, at the
same time, formation of water in the gas phase is taking place while the presence of hydrocarbons
is decreased. This can be explained by strong formation of hydroxyl radicals at a short period of
time, which represent an important source of oxygen [35], leading to strong oxidation reactions
with hydrocarbons.
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3.2.3. Comparative Study between Conventional and Microwave Pyrolysis on the Formation of Heavy
and Light Molecules, and Toxic Compounds

Formation of aromatic-rich mixtures of heavy hydrocarbons with molecular weight greater than
benzene might lead to the formation of tars [36]. These tars condense at relative low temperatures
leading to possible clogging in the off-gas system, which bring challenges to the commercialization
of pyrolysis. Therefore, the formation of lighter hydrocarbons is considered to be beneficial for the
robustness of the process.

In order to perform a fair comparison, the total amount of relevant species is calculated based
on the measured results. The amount of off-gas is calculated by integrating the time-concentration
records from the FTIR, obtaining total volumes in NL, as shown in Equation (24).

V =
1
d ∑ n

i=0

.
V(ti+1 − ti) (ci+1 − ci)/2, (24)

where V is the volume of compound (NL), d is the diluted ratio,
.
V is flow rate of carried gas (NL/min),

ci is concentration of compound at time ti (ppm), and ci+1 is concentration of compound at time
ti+1 (ppm).

The cracking of long chain polymers leads to production of linear hydrocarbons. These large
hydrocarbons will break when they are exposed for a longer time and at a higher temperature.
This cracking is a function of microwave power and working temperature. It is understood that too
high temperature, long residence time, and secondary cracking mechanisms will lead to the formation
of aromatic compounds [37], which account for the generation of aromatic hydrocarbons, like toluene,
ethylbenzene, and styrene. The aromatic hydrocarbons contain sigma bonds, which are difficult to
break at lower temperatures. The amount of generated heavy hydrocarbons with molecular weight
greater than benzene is shown in Figure 10. It can be seen that in conventional pyrolysis (as referenced
in this article) where the rate of breaking bonds is slow when compared with the microwave heating,
large amounts of toluene and phenol are expected. In addition, a large amount of electrolyte (EC) is
detected in the conventional pyrolysis. This concentration can be explained as a simple volatilization
of the electrolyte at lower temperatures that limits the bond breaking in the process. In addition,
phenol formation can be explained by the oxidation reactions of hydrocarbons with some free hydroxyl
radicals. These secondary reactions can take place due to a prolonged retention time in the reactor
when compared to the microwave test.

Figure 10. Volume of heavy molecules generated at different target temperatures with microwave heating.

As indicated in Figure 10, the total amount of heavy molecules is calculated by summering the
volume of benzene, toluene, styrene, ethylbenzene, phenol, and EC. The results for conventional and
microwave pyrolysis are 183 mL, 120 mL, 110 mL, 59 mL, and 49 mL, respectively. In addition to heavy
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molecules, light molecules are also investigated to study the influence of heating rate. As shown in
Figure 11, the volume of light molecules gases, such as CO2, CO, H2, H2O, CH4, and C2H4 produced in
conventional method are about 2.14 L in total. It is also observed in Figure 11 that methane and ethene
formation remains relatively constant in all of the trials. Generally, in microwave experiment, the
volumes of light molecules gases range from 1.11 to 7.11 L. The minimum registered volume is achieved
at 221 ◦C and the maximum at 360 ◦C. With this evidence, it can be concluded that, when compared
with conventional pyrolysis, microwave-assisted pyrolysis decreases the amount of heavy molecules
produced. In addition, prolonged exposure to microwave leads to higher temperatures and heating
rates, which promotes the strong formation of shorter molecules by degradation of the electrolyte and
consequently, leading to lower production of heavy molecules.

Figure 11. Volume of light molecules generated at different target temperatures with microwave heating.

In general, lots of hydrocarbons are produced, which bring some risk of explosion and promotes
the formation of highly toxic fluorides, such as HF and POF3. Therefore, additional attention should
be paid to toxic compounds. The amount of some relevant toxic species (e.g., fluorides and dangerous
electrolyte solvents) are indicted in Figure 12. From this figure, it can be concluded that the toxic
compounds achieved their minimum volume at 360 ◦C. Moreover, COF2 and POF3 are only detected
in the conventional pyrolysis. For this particular group of gases, they are supposed to be produced
following the degradation reactions of the electrolyte (Equations (11)–(18)).

Figure 12. Volume of toxic compounds generated at different target temperatures with microwave heating.

Microwave assisted pyrolysis might follow a different degradation mechanism as formation of
H2 and CO was clearly registered in Figure 12. From this, some observations might bring some hints
about some possible mechanism, like the water-aluminum reaction (see Equations (25)–(27)) [38].
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This based on the smaller amount of H2O and strong aluminum corrosion in the surface compared
with conventional pyrolysis (See Figures 5 and 7). In addition, high content of Nickel (~20%) in
the active mass favors the catalytic reactions, which results in increased formation of H2 and CO2

as well. It is worth saying that nickel or nickel-aluminum is a common catalyst used to increase
formation of H2 in the pyrolysis process of other organic containing materials and organic gases,
like methane [16,39–41]. Some of the most typical catalytic reactions are the so-called steam reforming
reaction (Equation (28) and the “dry” reforming reaction (Equation (29)). These reactions can take
place at low temperature only under catalytic condition, which otherwise would require temperatures
above 1100 ◦C [16]. In particular, methane can be reformed into CO and H2 by means of a catalytic
steam reforming, as well as dry reforming reactions, as it is indicated in Equations (30) and (31),
respectively. These reactions can take place at temperatures above 700 ◦C [16]. This catalytic reaction is
also plausible as temperature in the material is expected to be much higher than that of the registered
temperature with the thermocouple, which could be proved by the melted Al-foil shown in Figure 7.
In contrast, the conventional pyrolysis—because of the low heating rate volatilization of organics and
water—occurs before any catalytic reaction takes place, which explains the neglectable formation of
hydrogen in the produced gas.

2Al + 6H2O → 2Al(OH)3 + 3H2, (25)

2Al + 4H2O → 2Al(OH) + 3H2, (26)

2Al + 3H2O → Al2O3 + 3H2. (27)

Catalytic steam reforming reaction [16]:

CnHm + nH2O → (n + m/2)H2 + nCO. (28)

Catalytic carbon dioxide (or dry) reforming reaction [16]:

CnHm + nCO2 → (m/2)H2 + 2nCO. (29)

Catalytic steam reforming of methane [16]:

CH4 + H2O → 3H2 + CO + 206 kJ/mol. (30)

Catalytic dry reforming of methane [16]:

CH4 + CO2 → 2H2 + 2CO + 247 kJ/mol. (31)

4. Conclusions

The fact that microwave assisted pyrolysis involves the transfer of energy to the material
through the interaction of the molecules inside the material offers several advantages when compared
to conventional pyrolysis, such as non-contact heating, high heating rates, easy power control,
high selectivity of materials, uniform heating effect, and increased kinetics for the degradations
process [10–13]. The microwave pyrolysis offers a heating rate of around 3.5 ◦C/s depending on
the material and quality of heat transfer to the material, which in contrast to conventional pyrolysis,
would be about 20 times faster.

In this work, the degradation of organics from a selected cathode material (NCA) by conventional
(600 ◦C) as well as microwave assisted pyrolysis was studied. For the microwave tests, the sample
was subjected to different exposure times resulting in different temperatures and heating rates.
The comparison was performed with a detailed solid and gas characterization of products.
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As indicated in Figure 13, conventional pyrolysis of cathodes from LIBs undergoes three different
steps of volatilization: a dehydration & EC boiling step, which is followed by two cracking and
reforming periods.

Figure 13. Basic degradation of organics present in commercial cathodes from LIBs during conventional
and microwave assisted pyrolysis.

The produced compounds in the gas phase might undergo secondary reactions e.g., combustion
of hydrocarbons with free hydroxyl radicals and compounds from the electrolyte solvent degradation.

Microwave assisted pyrolysis introduces an extra degradation mechanism to the conventional
pyrolysis. This mechanism is driven by steam and dry reforming reactions, which can take place as
a result of catalytic reactions due to the presence of aluminum and nickel in the cathode material.
Other factor that benefits this reaction is the high heating rate, which permits reaching high temperatures
in the presence of electrolyte and organic gases that can be reformed into CO and H2.

When prolonged exposure to microwave, aluminum experience a self-heating effect with the
microwaves, reaching very high temperatures in very short period of time, as evidenced by partial melting
of aluminum foils. Nevertheless, over exposure of the material to microwaves (temperature > 360 ◦C)
leads to metal fragmentations thus contamination of the black mass with aluminum.

From the main findings, the following can be highlighted:

• For microwave assisted pyrolysis, the amount of mass loss increases with the temperature.
However, excessive exposure of microwave to the cathode material leads to uncontrollable rapid
heating of aluminum, which leads to partial melting and eventually the formation of sparks.
Like this, the fragmentation of the metal foil takes place and consequently contamination of the
black mass cannot be avoided.

• When compared with conventional pyrolysis, microwave-assisted decrease the amount of heavy
molecules gases produced. In addition, prolonged exposure to microwave leads to higher
temperatures thus even lower amount of heavy molecules are registered.

• Microwave assisted pyrolysis applied to cathodes from LIBs permits catalytic steam and dry
reforming reactions, which is evidenced by strong formation of H2 and CO.

• Short chain molecules are more likely to be formed in microwave assisted pyrolysis when
compared to conventional pyrolysis. This, due to the rapid heating and breaking of long chain
molecules into short molecules. In addition, the process experienced limited secondary reactions
in the gas phase due to fast cooling of the produced gas after leaving the sample.

• Microwave pyrolysis at 360 ◦C is suggested in this study after taking mass loss, active mass yield
ratio, heavy and light molecules, and toxic compounds into consideration.
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Abstract: Hydrometallurgical recovery of zinc from electric arc furnace dust was investigated on a
laboratory scale, using aqueous sodium hydroxide solution as a leaching agent. Special attention
was paid to the effect of NaOH concentration, temperature and liquid/solid phase ratio on the
zinc leachability. It was found that all tested factors increased the leachability, with the maximum
efficiency of 88% obtained in a 6 M NaOH solution at a temperature of 80 ◦C and the liquid/solid
phase ratio of 40. The test results confirmed the high selectivity of the zinc leaching agent. In spite
of this, complete recovery of zinc from steelmaking dust has proved to be very difficult due to the
occurrence of this element in the form of stable and sparingly soluble ZnFe2O4 ferrite. Purification of
the solution by cementation and electrolysis gave zinc of purity 99.88% in powder form.

Keywords: steelmaking dust; zinc recycling; alkaline leaching; electric arc furnace

1. Introduction

One of the commonly used techniques to protect steel surfaces from corrosion is galvanizing.
Almost 50% of the world’s zinc production is consumed for this purpose. Worn steel elements are
usually sent to metallurgical plants and are subjected to a remelting process in electric arc furnaces
(EAF). During this process, zinc is evaporated, oxidized and then, as solid ZnO, transferred to
dedusting devices. One ton of smelted steel scrap produces about 15–25 kg of dust, in which the
content of zinc is 15–40% [1]. The dusts additionally contain a significant amount of iron (about
20%) and other elements such as cadmium, nickel, chromium, manganese, carbon, tin, antimony and
copper. The storage of this type of waste is associated with serious threats to the natural environment,
as metals can leach out to surface and groundwater, contaminating the environment [2]. Moreover,
following accumulation in organisms such as plants and animals, they reach humans. Since the metals
do not decompose, they can bioaccumulate once they are absorbed [3]. Therefore, the waste should be
recycled to the steelmaking process, which is not currently possible due to the high content of zinc.
On the other hand, a significant iron content eliminates the possibility of treating the steel dust as a
raw material for the traditional hydrometallurgical zinc manufacturing process.

Current technologies for steel dust processing are focused on pyrometallurgical methods,
and consist mainly of high-temperature reduction of ZnO contained in dust and secondary oxidation
of Zn in the gas phase. Figure 1 shows the pyro-and hydrometallurgical methods for steelmaking
dust processing currently used on an industrial and pilot scale. The Waelz kiln process remains the
predominant method for processing dust, with over 85% of the market [4]. Any other pyrometallurgical
process, indicated in Figure 1, results in zinc in the form of ZnO, which is fed to the traditional process
of sulfate electrolysis or Imperial Smelting Process (ISP).

Metals 2018, 8, 547; doi:10.3390/met8070547 www.mdpi.com/journal/metals249
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Figure 1. Schematic presentation of electric arc furnace dust treatment [3–7].

The attempt to implement a comprehensive and waste-free process described in References [3,5]
was undertaken by a plant in Poland. The pilot installation that has been launched allows two fully
usable products to be made in a shaft furnace. The first product is Zn, in the form of ZnO, removed
from properly formed briquettes and captured in dedusting devices. The second product includes
zinc-free sintered briquettes, which can be used in steelmaking. In this way, no waste is generated in
the process.

Hydrometallurgical processes are not as popular as pyrometallurgical methods, but there are
several installations converting EAF dust on an industrial scale. One of the currently used technologies
is the EZINEX process, which involves ammonia leaching of dust, cementation-based purification
of the solution and zinc separation through electrolysis. In recent years, the process has been
modified with high-temperature pre-treatment of zinc-bearing material (fuming in an induction
furnace). As a result of this process, raw zinc oxide is subjected to a hydrometallurgical treatment,
and the integrated technology is called ENDUTEC/EZINEX [6]. Another process (Modified Zincex
Process) is a modification and simplification of the former process (Zincex) using atmospheric leaching
(H2SO4 solution), solvent extraction and conventional electrowinning, in order to resolve impurity
difficulties and recover Special High Grade (SHG) zinc ingots [8]. In turn, Recupac has developed a
patented recycling process to extract marketable iron and zinc compounds from EAF dust using proven
hydrometallurgical technology. The zinc and iron are recovered, and the iron oxide is used to make
industrial pigments. Many processes developed on a laboratory, pilot or major scale have not been
implemented in industry, or, for indefinite reasons, have been delayed after several years (Cebedeau,
Cardif, AMAX) [9]. The biggest problem in hydrometallurgical processes is the maximization of zinc
recovery with simultaneous inhibition of iron extraction into the solution [10]. Since zinc occurs in the
dust as ZnO and ZnFe2O4, the key problem is how to extract it from the zinc ferrite and transfer it to
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the solution. If zinc in the dust is mainly present in the form of ZnO, high leaching efficiency is to be
expected. If, in turn, zinc is in large part bound in ZnFe2O4-a phase of very high stability-then zinc
recovery may be low [10]. Generally, hydrometallurgical processes involve leaching of steelmaking
dust and extraction of zinc from the solution in a metallic form or as zinc compounds. The main
goals are to obtain the end product of the highest purity, develop a method for the management of
intermediate products formed during hydrometallurgical processing, and reduce zinc content in the
processed EAF dust to a level that would allow its recycling for use in the steelmaking industry.

Until now, most of the attention in studies of the leaching process has been paid to the use
of sulfuric acid and caustic soda as leaching agents. The advantages of using sulfuric acid include
high dissolution kinetics, availability and a modest price, as well as the possibility of using low
concentrations and a well-known process of electrolysis to obtain metallic zinc, with regeneration of
the acid. Conversely, the biggest disadvantage of using sulfuric acid as a leaching agent is the lack of
selectivity towards other metals found in steelmaking dust. This applies mainly to iron, which can
sometimes have a content in steelmaking dust much higher than that of zinc. This results in high
consumption of the leaching agent combined with the need to purify the leach solution from significant
amounts of Fe, which is both complex and difficult. Iron hinders the cementation of copper, cadmium
and cobalt [9]. It is also necessary to control pH to avoid hydrolysis and Zn(OH)2 precipitation.

The main advantage of using an alkaline leaching agent is its selectivity towards zinc over iron,
which practically eliminates the difficult and complicated process of iron removal from the electrolyte.
It is also possible to separate lead from zinc, which may be used as an additional intermediate product
and raw material for the recovery of this metal. Therefore, the use of NaOH as a leaching agent seems
to be a promising alternative for the processing of steelmaking dust, although alkaline leaching agents
also have some disadvantages. The most important include the high concentration necessary to obtain
significant zinc leaching efficiency, a higher price compared to sulfuric acid, and the difficult recovery
of the solution.

Despite many problems, the hydrometallurgical methods of steelmaking dust processing are
much more attractive due to lower operating costs and energy expenditure. Problems related to the
high zinc leaching rate and effective extraction from the solution are still a challenge.

Results of research on EAF dust leaching in NaOH solutions that have been published in recent
years indicate a strong dependence of some parameters on leaching efficiency. Mordoğan et al. [10]
investigated leaching in solutions with a low concentration of NaOH (3.75 M) at ambient temperatures.
The effects were poor; only 21.45% of zinc was extracted to the solution. Xia and Pickles [11] and
Dutra et al. [12] obtained leaching efficiency of about 74% at higher concentrations of NaOH (6 M)
and temperature (90 ◦C). Orhan [13] attempted to use even more concentrated solution and a higher
temperature (10 M NaOH, 95 ◦C), and achieved up to 85% Zn recovery. Previous results show that
the sodium hydroxide concentration and leaching temperature have significant influence on the
dissolution of zinc from the EAF dust. Other parameters such as liquid to solid ratio, particle size and
agitation speed were also investigated in the above research, but it was found that these parameters
had relatively insignificant influence on the extraction process.

Therefore, this study was undertaken to determine the optimal conditions for zinc extraction from
EAF dust using caustic soda solutions. The results of the cementation process and electrolysis of the
chosen solution, after leaching of dust, were also obtained.

2. Methods

2.1. Leaching

The leaching process was carried out in two stages. The aim of the first stage, involving leaching in
water, was to remove chlorine from the material. This is an indispensable step because, during the main
leaching process, the presence of chlorine (and also of Na, K, Ca) in the dust causes high consumption
of the leaching agent and risk of harmful chlorine being released during electrolysis. The liquid/solid
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ratio during leaching was 20 and the temperature was kept at 60 ◦C. The process lasted 120 min
using mechanical stirring at 400 rpm. After water leaching, the material was vacuum filtered. Then,
after washing and drying, the residue was subjected to alkaline leaching. The aim of this operation
was to transfer as much zinc as possible from the EAF dust to the solution. Sodium hydroxide was
used as the leaching agent. The variable parameters investigated for the leaching process included
NaOH concentration, temperature and the liquid/solid ratio (L/S). These parameters are summarized
in Table 1.

Table 1. The parameter values for alkaline leaching of Electric Arc Furnace (EAF) dust.

Parameter Value

NaOH Concentration, M 2, 4, 6
Temperature, ◦C 20, 50, 80

Liquid–solid ratio, cm3/g 10, 20, 30, 40
Stirring speed, rpm 400

Time, min 120

The experiments were carried out in an 800 mL glass beaker placed on a heating plate.
The temperature was controlled to the nearest 1 ◦C and kept constant using a sensor, protected
by a quartz shield, placed in the solution. The duration of each leaching experiment was 120 min.
During this process, 4 mL samples of the solution were taken at 5, 15, 30, 60 and 120 min. Each sample
taken was filtered and then subjected to chemical analysis using X-ray fluorescence (XRF) (MiniPal 4,
PANalytical B.V., Espoo, Finland). Analysis of the concentration of metals in the solution was based on
a multi-point calibration curve. The efficiency of zinc extraction into the solution was calculated from
Equation (1):

Le = (mZn,t/mZn,0) × 100% (1)

where: Le (%) is the zinc extraction efficiency, mZn,t (g) is the zinc content in the solution after leaching
time t, and mZn,0 (g) is the zinc content in the sample before leaching.

2.2. Cementation

The cementation-based purification of the solution was carried out with a 99.95% pure zinc
metal plate, keeping the process temperature at a level of 60 ◦C and stirring the solution with a
magnetic stirrer. The cementation time was 70 min. During the experiment, samples for analysis were
taken every 3 min (during the first 15 min of the experiment), then every 5 min (up to 30 min of the
experiment) and at 50 and 70 min.

2.3. Electrolysis

The electrolysis was carried out for 90 min at a current density of 250 A/m2 and a temperature of
25 ◦C. Graphite was used as the material of the anode, while the cathode was made of stainless steel.
The current efficiency was calculated from Equation (2):

η = (mZn/(k × I × t)) × 100% (2)

where: η (%) is the current efficiency, mZn (g) is the mass of zinc after electrolysis, k is the electrochemical
equivalent, I (A) is the current and t (sec) is the electrowinning time.

3. Materials

The steelmaking dust used in the study was obtained from a Polish steel plant. All the experiments
were carried out on dust in the form of finely divided fractions (less than 100 μm) with a moisture
content of 5% (estimated from a 24 h drying test at 105 ◦C). The chemical and mineralogical
compositions of the dust were determined by Microwave Plasma Atomic Emission Spectroscopy
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(MP-AES) (MP-AES 4200, Agilent, Penang, Malaysia), and Scanning Electron Microscopy (SEM)
(Hitachi, Tokyo, Japan) and X-ray diffraction (XRD) (MiniFlex II, Rigaku, Tokyo, Japan), respectively.
The composition and morphology of the dust strongly depends on the quality of the scrap and on the
mode of operation of the electric furnace [3]. Typical EAF dust particles obtained by scanning electron
microscopy with analysis of a selected particle, are presented in Figure 2.

Figure 2. Spherical Electric Arc Furnace (EAF) dust particles and chemical analysis using Scanning
Electron Microscope (SEM).

The presence of spherical particles rich in iron, oxygen and zinc was observed. The results of the
chemical composition of EAF dust are given in Table 2. The X-ray diffraction pattern of the EAF dust
is shown in Figure 3.

Table 2. Chemical composition of the main elements present in the dust.

Element Zn Cr Mn Fe Cd Pb Al

wt % 33.00 0.30 2.58 21.85 0.05 1.63 0.33

Figure 3. X-ray diffraction analysis of EAF dusts.
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Five major phases were identified: franklinite, magnetite, zincite, and sodium and potassium
chlorides. The identified chlorides were a residue generated from chlorinated rubber coatings present
in plastic admixtures (including polyvinyl chloride and synthetic rubber) in the charge melted to
generate the EAF dust. These chlorides are volatile under the process conditions used and evaporate
easily, which explains their presence in the dust. Many other compounds have also been identified in
the dust [11,12,14,15], but being present in insufficient quantities, these were difficult to detect.

4. Results

4.1. Leaching

In this study, the effect of 2, 4 and 6 M NaOH on the zinc extraction efficiency was investigated.
The tests were limited to a concentration of 6 M, because the viscosity of solutions with higher NaOH
content increased too much, hindering further processing operations.

The main reactions occurring during leaching of dust can be written in the form of reactions (3)
and (4):

ZnO(s) + 2NaOH(aq) → Na2ZnO2(aq) + H2O(l) (3)

PbO(s) + 2NaOH(aq) → Na2PbO2(aq) + H2O(l) (4)

The high stability of ferrites means that only some of them can dissolve in NaOH solutions,
according to reaction (5) [10]:

ZnFe2O4 + 2NaOH(aq) → Na2ZnO2(aq) + H2O(l) + Fe2O3(s) (5)

Sample leaching curves for all NaOH concentrations, limit values for temperature and L/S
conditions (20 and 80 ◦C and L/S of 10 and 40) are shown in Figure 4.

Figure 4. Leaching efficiency for zinc at different leaching conditions of NaOH concentration (2, 4,
6 M), temperature (20 and 80 ◦C) and liquid/solid (L/S) ratio (10 and 40).

The leaching results obtained for the limit parameter values lead to the conclusion that leaching
in 2 M NaOH and L/S = 10 offers a very modest process efficiency, giving a maximum of 24%. During
leaching at 20 ◦C in 4 and 6 M solutions (L/S = 10), a continuous increase in the zinc extraction was
observed, which means that these solutions have the potential to dissolve more Zn, but in a time
much longer than that used in the experiments. Increasing the temperature to 80 ◦C increases the
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zinc extractions to 40 and 45% for 4 and 6 M NaOH, respectively, after only 30 min. Further increases
in the leaching time do not result in higher zinc extractions. For L/S = 40, the extractions are much
higher, giving 68 and 88%, after 120 min in 6 M NaOH, at 20 ◦C and 80 ◦C, respectively. Table A1 in
Appendix A summarizes all the results of zinc extraction and its concentration obtained after 120 min
for each leaching test. Figures 5 and 6 show these results in graphical form.

Figure 5. Leaching efficiency for zinc as a function of L/S ratio for different NaOH concentrations
and temperature.

Figure 6. Zinc concentration as a function of L/S ratio for different NaOH concentrations
and temperature.

The results obtained show that zinc leaching efficiency depends on all the examined factors,
i.e., time, temperature, NaOH concentration and the solid phase content in the leaching solution.
At each temperature, the increase in concentration from 2 M to 4 M NaOH increased zinc extraction
by a dozen percentage points (13.3–23.4). For further increase in NaOH concentration, the efficiency
gains were much lower (0.9–7.9 pp). This may be due to either higher viscosity of the solution
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and the resultant difficulty in transporting the reactants to and from the reaction surface, or from
achieving the maximum extraction under the conditions employed. Additionally, the smallest effect of
temperature was observed in solutions with a high solid phase content (L/S = 10). In this case, raising
the temperature by 30 ◦C increased the efficiency of the zinc leaching process by a maximum of 6 pp.
In each subsequent leaching test, in which the liquid phase content was increased with respect to the
solid phase, the effect of temperature was stronger, and the maximum increase in leaching efficiency
was about 15.6 pp for L/S = 30 and 2 M NaOH. Although increasing the liquid phase content in the
leached slurry had a beneficial effect on the dust leaching efficiency in terms of metal extraction into
the solution in general, the concentration of zinc in the solution actually decreased with increased
L/S. The increase of L/S from 10 to 40 in the case of leaching in 2 M NaOH at 80 ◦C resulted in the
drop of zinc concentration from 7.93 g/dm3 to 5.78 g/dm3, i.e., about 27%. At the highest NaOH
concentration of 6 M, the decrease in zinc concentration associated with dilution of the solution was
52% (from 15.19 to 7.26 g/dm3). Erdem et al. [16] observed that waste materials containing zinc in
the form of ZnFe2O4 were difficult to leach because franklinite is very stable and poorly soluble in
most types of alkaline solutions. They achieved a maximum leachability of 21.47% during leaching
at 25 ◦C for 120 min, using a stirring speed of 300 rpm, L/S = 5 and NaOH concentration of 15%.
In the present study, it was found that high solid phase content results in low leaching efficiency of
Zn, therefore the results obtained by Erdem et al. [16] appear to be lower than those which can be
achieved. The maximum zinc extraction (88.0%) in this study was obtained for 6 M NaOH at 80 ◦C
and L/S = 40. Figure 7 presents a diffractogram of EAF dust samples before and after leaching under
selected process conditions.

Figure 7. X-ray diffraction analysis of EAF dusts before and after leaching (in 4 and 6 M NaOH,
L/S = 40, temp. = 80 ◦C, time = 120 min).

XRD analysis of the residue obtained after leaching in 4 M NaOH at 80 ◦C with L/S = 40 showed
that virtually all zinc, present in the form of ZnO, was removed from the dust. An increase in NaOH
concentration from 4 to 6 M increased the leaching efficiency by a very small extent only, i.e., by 3 pp.
It was, however, an indication that zinc in the form of ZnFe2O4 was being dissolved according to
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reaction (5), although this process was slow. The dissolution of franklinite was suggested by the
lower intensity of franklinite peaks in the diffractogram for the sample leached in 6 M NaOH at
80 ◦C with L/S = 40 (Figure 7). Analysis of the concentrations of other elements in the leach solution
confirmed good selectivity of NaOH towards zinc. In none of the conducted leaching tests did the
concentration of iron in the solution exceed 20 mg/dm3. The only dust component that could dissolve
in larger amounts according to reaction (4) is lead. Its concentration under the optimal for zinc
leaching conditions (6 M NaOH at 80 ◦C with L/S = 40) did not exceed 550 mg/dm3, though even
this concentration is quite significant and might affect the process of electrolysis (i.e., contaminate
the zinc cathode). The concentration of other metals (Cr, Mn, Cd) in all leaching tests was low and
generally below 40 mg/dm3, or much lower. The tested leaching parameters had no specific effect on
the concentrations of these metals. Table 3 outlines the results of the solution analysis after leaching at
80 ◦C (6 M NaOH; L/S = 10). This particular solution was selected for further treatment, as it had the
highest concentration of zinc.

Table 3. Leach solution composition after 120 min (6 M NaOH; 80 ◦C; L/S = 10).

Element Zn Cr Mn Fe Cd Pb

mg/dm3 15190 40 12 20 12 420

4.2. Cementation

The removal of undesirable elements from the electrolyte is necessary for the final stage of
processing: Electrolysis. In the electrolysis process, any metal more noble than zinc will be deposited
on the cathode, contaminating the zinc cathode and reducing the current efficiency. Therefore,
it is important that the solution used for electrolysis contains the least amount of undesirable metals.
The cementation process can be written in the general form of Equation (6):

n2Men1+ + n1M0 = n2Me0 + n1Mn2+ (6)

where: n1, n2 is the ion charge; Me is the cementated metal; and M is the cementing metal.
According to the above reaction it is possible to remove more noble metals with zinc, and in this

particular case, mainly a significant amount of lead. Figure 8 shows the changes in the concentration
of zinc and lead throughout the 70-min cementation process.

Figure 8. Concentration of Pb (blue) and Zn (red) during the cementation process.
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As can be seen from Figure 8, practically all lead was removed in just 50 min. The concentration
of other metals remained unchanged during the cementation process. The lead concentration in the
solution after cementation (<10 mg/dm3) was found to be low enough to not affect zinc electrolysis.
It should be noted here for comparison that Orhan [13] studied the effectiveness of the cementation
process using zinc powder. Despite the selection of optimal process parameters, even after 3 h
of cementation, lead was removed from the solution to a level of 100–120 mg/dm3. Furthermore,
Mordogan et al. in Reference [10], who also used zinc powder, removed lead from the solution to the
level of about 210 mg/dm3 using zinc powder.

The composition of the post-cementation solution which was used for electrolysis is presented in
Table 4.

Table 4. The composition of the solution after the cementation process.

Element Zn Cr Mn Fe Cd Pb

mg/dm3 16200 40 12 20 12 <10

4.3. Electrolysis

The reactions which occur during the process of electrolysis can be written in the following form:

A(+): 2OH− → 1/2O2 + H2O + 2e (7)

K(−): Zn(OH)4
2− + 2e → Zn + 2OH− + H2O (8)

In total, the process of metallic zinc deposition from the solution can be written as:

Na2ZnO2 + H2O → Zn + 2NaOH + 1/2O2 (9)

Since the concentration of elements in the electrolyte was low (Table 4), the process of electrolysis
was straightforward. The result was a spongy powder, having a morphology as shown in Figure 9.

 

Figure 9. Images of zinc powder deposited on cathode; SEM.

The process efficiency with the applied current density of 250 A/m2 was 86%. A similar value
under similar experimental conditions was obtained by Zhang et al. [17], but there was no mention of
the structure of the cathode deposit and purity of the obtained zinc. The chemical composition of the
zinc deposited on the cathode from the present study is given in Table 5.

Table 5. Chemical composition of the cathodic zinc.

Compound Concentration, %

Fe 0.064
Cd 0.051
Zn 99.88
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The deposit obtained in this study was easy to remove from the cathode surface and, as shown by
the analysis in Table 5, had a high degree of purity. The deposit was repeatedly rinsed with distilled
water before the analysis was free of sodium.

5. Discussion

Currently, in terms of development, the hydrometallurgical technologies are lagging behind the
pyrometallurgical processes used in most industrial installations for the processing of steelmaking
dust. Nevertheless, studies of hydrometallurgical techniques for zinc recycling from this type of waste
are still ongoing and have become important for several reasons:

• Hydrometallurgical processes are environmentally friendly, generating practically no air pollution.
• Installations are much smaller in size compared to pyrometallurgical plants, and as such require

lower investment and operating costs.
• Hydrometallurgical processes are applicable in the recovery of other valuable metals.
• The product obtained from leaching is an iron-bearing material that can be recycled and reused in

the steelmaking process (if the zinc content will be at the minimum level).

As shown by this study, leaching with NaOH solution is selective towards zinc, and the process
proceeds with a high yield of up to 88.0%. However, the presence of zinc in the form of ZnFe2O4

ferrite poses some problems in regards to its complete recovery from steelmaking dust. Studies have
shown that even high concentrations of NaOH (6 M), high temperature (80 ◦C), and adequate excess
of leaching solution in relation to the solid phase (L/S = 40) does not remove all of the zinc present.
Although the results of the XRD analysis of the leach residue, generated in 4 and 6 M NaOH at a
temperature of 80 ◦C, indicated that zinc ferrite dissolution does occur, the rate of this reaction is
low. Xia and Pickles [11] found that even in a highly aggressive leaching environment (10 M NaOH,
temperature of 93 ◦C, leaching time of 3 h), the extraction yield of zinc from the zinc ferrite is only
9%. A solution to this problem might be sintering of dusts with Na2CO3 before the leaching process,
in order to decompose the zinc ferrite according to reaction (10), as suggested by Holloway et al. [18].

ZnFe2O4 + Na2CO3 → ZnO + 2NaFeO2 + CO2 (10)

Another solution may be to grind the EAF dust with iron powder (mechanochemical reduction).
This also enables the breakdown of ZnFe2O4, as demonstrated by Zhang et al. [19]. Such approaches
generate additional costs due to the expansion of the installations to include aggregates for material
processing, such as mills, furnaces and dryers, but the end product—i.e., an iron-bearing material—is
free from zinc (or has only a very low content of this metal), and thus can be returned to the steelmaking
process. The results of cementation and electrolysis presented in this study showed that both processes
run smoothly to give a high purity final product.

6. Conclusions

1. Leaching of EAF dust using NaOH solutions confirmed high zinc selectivity.
2. All parameters tested (time, temperature, L/S ratio and NaOH concentration) had a positive

effect on the efficiency of zinc leaching.
3. Increasing the leachate content in relation to the solid phase content increases the leaching

efficiency, but also decreases the zinc concentration in the solution. This means that it is necessary
to handle larger volumes of solution to obtain the required EAF dust throughput.

4. The maximum zinc leaching efficiency of 88.0% was achieved in a 6 M NaOH solution at a
leaching temperature of 80 ◦C and L/S = 40. Complete leaching of zinc from steelmaking dust
under the tested conditions was not possible due to the presence of this element in the form
of ZnFe2O4.
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5. The cementation process using metallic zinc enables the removal of lead from the solution to a
very low level of concentration (<10 mg/dm3).

6. The cathode zinc was obtained as spongy-powder and is characterized by high purity (99.88%).
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Appendix A

Table A1. Results of leaching experiments after 120 min.

L/S, cm3/g Temp., ◦C CNaOH, M Le, % CZn, g/cm3 CNaOH, M Le, % CZn, g/cm3 CNaOH, M Le, % CZn, g/cm3

10
20

2

16.5 5.4

4

31.6 10.4

6

39.5 13.0
50 21.2 7.0 34.5 11.4 42.0 13.9
80 24.0 7.9 40.6 13.4 46.0 15.2

20
20 28.3 4.7 45.4 7.9 51.4 8.5
50 39.3 6.4 58.1 10.2 56.0 9.9
80 44.8 7.4 68.2 12.2 70.3 11.6

30
20 38.1 4.2 55.2 6.6 59.6 6.6
50 53.6 5.9 70.1 7.7 71.2 7.8
80 59.8 6.7 79.1 8.7 80.0 8.8

40
20 50.0 4.1 65.1 5.5 68.1 5.6
50 62.2 5.1 78.1 6.4 79.1 6.5
80 70.1 5.8 85.0 7.2 88.0 7.2
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Abstract: On the basis of the Volume Correlation Model (VCM) as well as data on steel consumption
and scrap collection per industry sector (construction, automotive, industrial goods, and consumer
goods), it was possible to estimate service lifetimes of steel in the United States between 1900 and
2016. Input data on scrap collection per industry sector was based on a scrap survey conducted by the
World Steel Association for a static year in 2014 in the United States. The lifetimes of steel calculated
with the VCM method were within the range of previously reported measured lifetimes of products
and applications for all industry sectors. Scrapped (and apparent) lifetimes of steel compared
with measured lifetimes were calculated to be as follows: a scrapped lifetime of 29 years for the
construction sector (apparent lifetime: 52 years) compared with 44 years measured in 2014. Industrial
goods: 16 (27) years compared with 19 years measured in 2010. Consumer goods: 12 (14) years
compared with 13 years measured in 2014. Automotive sector: 14 (19) years compared with 17 years
measured in 2011. Results show that the VCM can estimate reasonable values of scrap collection and
availability per industry sector over time.

Keywords: lifetime of steel; steel scrap; circulation; industry sector; dynamic material flow model;
recycling rate; material flow analysis

1. Introduction

Information on the lifetime of products and applications is important to evaluate the availability
of recyclable metals. The metal contained in products and applications becomes available as scrap at
the end of product life. Metal scrap reserves are a substitute for natural resources (iron ore) that are
used for ironmaking and steelmaking. By optimizing the collection of recyclable metals, it is possible to
preserve natural resources, save energy, and lower the CO2 emissions associated with steelmaking [1].

The availability of recyclable metals can be estimated with empirical survey-based methods or
with model-based methods. The model-based methods are referred to as dynamic material flow
models (DMFMs) and are based on both the inflow and outflow of metals as well as the lifetime
of products and applications in society [2–8]. Product lifetimes can be obtained from surveys of
products and applications; lifetimes can be estimated with the Volume Correlation Model (VCM),
a model-based method.

Surveys of measured lifetimes have been published for product groups such as household
appliances, automotive and transportation applications, buildings, and bridges [9–18]. These studies
have been published by bodies such as NACE International, U.S. Department of Transport (National
Bridge Inventory), Nevada Department of Taxation, U.S. Department of Commerce, National
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Association of Home Builders, U.S. Army Corps of Engineers, U.S. Department of Transportation, and
Amtrak. An overview of the reported lifetimes of products in the U.S. is given in Appendix A [9–18],
which is summarized in Table 1. These analyses are based on the average age of products in-use and
depreciation periods and do not state the steel tonnages in the products.

Table 1. Previously reported average lifetimes of steel by industry sector and product groups in the
U.S. between 1925 and 2014.

Industry Sector Methods Typical Product Groups
Average Lifetime of Steel

Products in Years 1

Construction Average age of buildings
and bridges in-use in US

Housing, industrial buildings,
mobile offices, office buildings,

warehouses, bridges

39 (2015) [9]
44 (2013 & 2014) [9]

42 (2011) [9]
50 (2010) [10,11]

17–48 (1925–1997) [9]
28 (1980) [9]
24 (1973) [9]

Industry goods
Service lives of
machinery and

depreciation estimates

Machinery for metalworking,
construction, agriculture, and

special industry

7–30 (2010) [12]
10–16 (1925–1999) [13]
16–25 (1925–1997) [13]

Consumer goods Average age of
appliances in-use in US

Household appliances, video and
audio products, computers 5–20 (2011) [14]

Automotive

Average age of
automobiles and trucks

in operation in the
United States

Transportation by air, automobiles,
locomotives, ferry boats

16–18 (1990–2014) [15]
11–16 (1985–2014) [16]
11–26 (1972–2015) [17]
15–20 (1960–1997) [18]

1 with date range shown in parentheses.

Another model-based method to estimate the lifetime of products and applications is the Volume
Correlation Model (VCM) [19–23]. The VCM estimates the in-use lifetime of steel. Two different
lifetimes are calculated: the scrapped and apparent lifetimes (previously termed “true” and “full”
lifetimes) [19–23]. The scrapped lifetime corresponds to the service lifetime, similar to the average
in-use lifetime of steel estimated with empirical survey-based studies.

The VCM relies on annual data on steel consumption and scrap collection. Because end-of-life
(EOL) products are normally not identified by origin or application, information on scrap collection
per industry sector is not generally available [24]. In this study, scrap collection per industry sector in
the United States was estimated from a scrap survey conducted by the World Steel Association for
the year 2014 (see Appendix B) [25]. The sectors considered were construction, appliances, industrial
goods, and automotive products. The survey accounted for approximately 29% of all scrap collected in
the U.S. in 2014 and was assumed to be representative. In this work, the results of the scrap survey
were extrapolated from zero recycling to the 2014 values for the period 1900 to 2016. Steel consumption
per industry sector for this period (1900 to 2016) was based on an analysis conducted by the World
Steel Association [26].

In this study, it was investigated whether it was possible to verify the input data on scrap collection
per industry sector between 1900 and 2016 based on the VCM method. More specifically, this study
(1) investigated the use of the VCM method to estimate the service lifetimes of steel in the US by
industry sector on an annual basis and (2) compared model results with lifetime measurements of
products and applications in the US. The VCM results (calculated steel lifetimes) for the US were also
compared with calculated lifetimes for Sweden and the world between 1900 and 2010.
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2. Input Data

2.1. Scrap Collection

The input data of the VCM are the tonnages of steel consumption and scrap collection for the
construction, industrial goods, automotive, and consumer goods (appliances) sectors. A simple
material flow chart of steel is shown in Figure A1 (see Appendix C). Scrap collection in the United
States was estimated according to U.S. Geological Survey (USGS) data [27]. Total collected steel scrap
in the US was calculated based on reported scrap consumption in ironmaking and steelmaking, scrap
exports and imports, and subtracting internal scrap (years 1938 to 2016). For the years 1900 to 1934,
there were no data available for the reported scrap consumption and an approximate mass balance
was used instead, as follows: Total raw material usage per ton of crude steel production between 1934
and 1954 was assumed to have been the same from 1900 to 1933. Raw material usage includes scrap
consumption, the iron content in the apparent consumption of iron ore (including iron ore used to
produce direct reduced iron), and the net trade of pig iron. The average mass ratio of total metal usage
to crude steel production was calculated to have been 1.28 between 1934 and 1954. This time base was
used because the ratio appeared to be constant during this period. The mass ratio of total scrap usage
to crude steel production was estimated by subtracting the iron content in the reported consumed
iron ore and the net use of pig iron in crude steel production between 1900 and 1933 (yielding a ratio
of 0.74). The resulting estimated mass ratio of scrap consumption (home and purchased scrap) to
crude steel production was 0.54. Variations in the accuracy of this necessary approximation would
not significantly affect the overall calculation because the tonnage of steel consumed in the period
1900–1933 was small compared with the overall period (see Figure 2).

The purchased steel scrap tonnages for the years 1905 to 1933 were taken from USGS data and
the values were extrapolated to 4 M ton in 1900 [28]. The internal scrap was then estimated by
subtracting the purchased steel scrap from total scrap usage. Half of the purchased steel scrap was
assumed to be obsolete scrap for the years 1900 to 1955. Prompt steel scrap values were taken from a
Nathan Associates report covering the years 1956 to 2009 [29]. According to the USGS report, internal
scrap also included obsolete scrap from old steel plant equipment and buildings, which amounted to
approximately 2% of scrap in 1980 and in 2014 [27]. The obsolete scrap tonnage was subtracted from
the internal scrap tonnage by using the same ratio of 0.02 (fraction of internal scrap that is obsolete
scrap) for the period 1900 to 2014. Consumption of old scrap at foundries was estimated from a 36%
ratio of scrap usage to total casting production between 1972 and 2013 [27]. The total domestic steel
scrap collection was the sum of purchased steel scrap at steel mills, scrap consumption at foundries,
and exports, from which imported steel scrap was then subtracted [27].

Prompt steel scrap is generated when the finished steel from steel mills and foundries is used to
fabricate products at other facilities. Prompt steel scrap was included in the total calculation for steel
products and for steel scrap collection. Theoretically, adding this mass to steel consumption and to
scrap collection should not significantly affect the model results. Prompt steel scrap was calculated
to be 27% of the total scrap collection in 2014 in the U.S., based on the World Steel Association scrap
survey [25]. This ratio was similarly calculated to be 26% in 2009 in the US according to a separate
study performed by Nathan Associates [29].

Scrap collection per industrial sector was estimated according to the 2014 scrap survey conducted
by the World Steel Association [25]; see Table 2 and Appendix B. The proportion of scrap originating
from the four sectors was assumed to be equal to the 2014 values for the years 2011 to 2016.
In the absence of other information, the ratios were extrapolated to earlier years (see Figure 1a).
The proportion of scrap from consumer goods was assumed to increase from 0.05% in 1931 to 0.6% in
1944, subsequently increasing to 11.5% in 2011. The relative contribution from the automotive sector
was assumed to increase from 0.001% in 1911 to 1.7% in 1944 and then to 31.7% in 2011. The assumed
increase in automotive scrap collection after 1944 appears reasonable on the basis of the following:
(1) the relatively low consumption of steel by these sectors in earlier years (see Figure 2), and (2) the
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reported history of automotive recycling, with shredders having only been widely available from the
1950s as well as “graveyards” of automobile hulks persisting until the 1970s [30]. The small “tails”
before 1945 for automotive and consumer goods were added to reduce edge effects (discussed below).
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Figure 1. Input data on U.S. scrap collection by industry sector between 1900 and 2016: (a) ratios of
scrap collected and (b) tonnages of scrap collection.

The proportion of scrap from industry goods was assumed to increase from zero before 1900 to
31.4% in 1945 and then decrease to 21.1% in 2011. The assumed zero ratio before 1900 for industry
goods appears reasonable based on the rapid industrial development during the late 1800s and early
1900s, when new technologies and specialized machines replaced manual work. Examples include
(1) the implementation of large scale factories with new standardized production methods and (2) the
upscaling in farming due to new agricultural technology such as the mechanical reaper [31].

The relative scrap collection per industry sector (from the World Steel Association scrap survey;
see Table 2) was adjusted slightly to achieve better agreement with the lifetime values in Table 1.
The largest change was for consumer goods. It appears that the scrap survey overestimated the
contribution of this sector, or that the World Steel Association analysis underestimated the consumption
by this sector. Using these values as-is would have resulted in a recycling rate greater than 100%
(the calculations for which are presented below; see Figure 5). Figure 1b shows the estimated tonnage
of steel scrap from the four sectors based on the estimates of obsolete scrap collected and of the relative
contributions of the different sectors. Figure 1a shows the ratios of scrap collection per industry
sector between 1900 and 2016. These ratios were assumed to be representative for the total steel scrap
collection in the U.S. including prompt steel scrap.

Table 2. Relative contribution of scrap from different industry sectors to obsolete steel scrap collection
for the year 2014. Results of the scrap survey [25] and adjusted values used as input data in
the calculations.

Industry Sector Reported Input Data

Construction 32.4% 35.7%
Consumer Goods 15.6% 11.5%
Industrial Goods 20.4% 21.1%

Automotive 31.6% 31.7%
Prompt scrap 27.3% -

Figures 1 and 2 show large variations in steel consumption and scrap collection, with the business
cycles lasting several years. The scrap collection rate follows the steel consumption rate, likely because
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of the sensitivity of scrap collection to price. Increased steel demand increases the scrap price, which
increase the scrap collection rate [32]. Concurrently, steel consumption is highly sensitive to economic
cycles [33]. Major economic events can be recognized in Figure 2, including the downturns of the 1930s
and 2008–2009 as well as the rapid growth associated with the period 1940–1950. Over the century of
data considered in this work, the share of consumption in the automotive and consumer-goods sectors
has increased, while that of industrial goods has remained approximately constant.
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Figure 2. Input data on U.S. steel consumption by industry sector between 1900 and 2016: (a) ratios of
relative steel consumption per industry sector and (b) tonnages of steel consumed.

2.2. Steel Consumption

The total steel consumption represents the net utilization of steel as finished products, including
steel that was imported (as semi-finished or finished products as well as manufactured goods).
The lifetime of steel was assumed to last from the start of utilization as a finished product until
collection and processing into recyclable scrap (ready for use in steel mills and foundries).

Steel consumption in the United States was calculated from USGS data [27] as the sum of apparent
finished steel consumption between 1900 and 2016 as well as foundry shipments between 1972 and 2016
(adjusted for exports and imports). No earlier data on foundry shipments were available. The average
foundry shipments were, on average, 15% of the total shipments (from steel mills and foundries)
for the years 1971 to 1981. The net indirect trade of steel in manufactured goods was taken from
World Steel Association data for the years 1970 to 2016 [34,35]. The average net indirect trade of steel
was calculated to be nine million metric tons per annum during the period, which made the U.S. a
net importing country of steel in manufactured goods. Prompt steel scrap was included in the steel
consumption because prompt scrap is generated after finished steel products have been shipped from
steel mills and foundries.

Steel consumption ratios in the four industrial sectors in the U.S. were taken from World Steel
Association data for the years 1900 to 2013 [9] and assumed to be the same for 2014–2016 as for
2013; see Figure 2a. The ratios were multiplied by the calculated total steel consumption to yield the
estimated consumption by sector, shown in Figure 2b.

Figure 2b shows that, by far, the largest steel consumer in the U.S. was the construction sector,
accounting for approximately 45–80% of the total steel consumption in US between 1900 and 2016.
The remaining steel consumption in US in 2016 was in the automotive sector (25%), industry goods
(20%), and consumer goods (10%).
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3. Calculation Procedure

The model used in this study, the Volume Correlation Model (VCM), has been described in detail
in other studies [19–23]. The model was implemented in Excel®spreadsheets in combination with
MATLAB® [36,37]. The VCM can be used to evaluate the time difference between reported data on
steel consumption and scrap collection. The model calculates the scrapped and apparent lifetimes
of steel. The scrapped lifetime of steel is the (estimated) actual service lifetime of steel; the apparent
lifetime is defined below.

In a previous study, the scrapped and apparent lifetimes of steel were calculated for Sweden and
the world [19,20]. In this study, the lifetimes of steel were recalculated with Swedish and global steel
data for 1900 to 2010, for direct comparison with the calculations for the U.S. as presented here.

The apparent lifetime is predominantly used to calculate moving averages of scrap recovery rates,
as described below. The apparent lifetime is calculated by assuming full recovery (as scrap) of all
steel in final products, i.e., every ton of steel that entered service as a finished product is assumed to
be eventually recoverable as scrap. Clearly, this is not always the case, and incomplete recovery is
considered when calculating the scrapped lifetime.

The apparent lifetime of steel (λapp) has been found as the time difference between a given year tx

(with a known cumulative tonnage of scrap collected up to this time: the left term in the equation below)
and the number of years (in the past) required to consume the same tonnage of steel:

tx

∑
0

Δmscrap(t) =
tx−λapp

∑
0

Δmconsumed(t) (1)

In this expression, Δmscrap(t) is the mass of scrap collected during year t (years since 1900),
Δmconsumed(t) is the total steel consumption in year t, and λapp is the apparent lifetime of steel. This
expression is used to find the apparent lifetime (λapp).

Not all consumed steel is recycled. The apparent recovery rate η(t) is found as the ratio of steel
recycled in a given year to the moving average steel consumption over a longer period, taken to be 2λapp.

η(tx) =
Δmscrap(tx)[

∑tx
tx−2λapp

Δmconsumed(t)
]
/2λapp

(2)

At the beginning of the time period considered in the calculations, the time period (for averaging
the recovery rate) could be longer than the input data available. For calculating the recovery rate,
the moving average was instead calculated over the time period zero to t, in cases where 2λapp > t.
For the input data used here, the shorter integration period was used for the first seven years of data
for the automotive sector, four years for consumer goods, one year for the construction sector, and the
first six years of industrial goods.

Given the long lifetime of steel, the non-recirculated amount of steel is a reserve that is potentially
available for future collection. This reserve may become a loss if the steel is not collected after a
significant time period. Since the annual apparent recovery rate is based on the moving average of steel
consumption, it would not necessarily be equivalent to the recycling rate in any given year; however,
the longer-term averages (weighted by tonnage of steel) of the apparent recovery rate and recycling
rate would be equal. Using the (time-varying) recovery rate, the amount of potentially recyclable steel
added from each year’s consumption is estimated as follows:

Δmrecyclable(t) = η(t)× Δmconsumed(t) (3)

Here, potentially recyclable steel refers to previously consumed steel that has been recycled within
an apparent lifetime of steel. The tonnage of recyclable steel depends not solely on the availability of a
reserve of steel but also strongly on scrap price; this formulation helps to highlight this effect.
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The scrapped lifetime of steel is calculated as the time difference (λscrapped) between a given year tx

(with a known cumulative tonnage of scrap collected) and time required to have accumulated the same
tonnage of potentially recyclable steel in products:

tx

∑
0

Δmscrap(t) =
tx−λscrapped

∑
0

Δmrecyclable(t) =
tx−λscrapped

∑
0

η(t)× Δmconsumed(t) (4)

In this expression, λscrapped is the scrapped lifetime of steel. As Equation (4) shows, the principle
suggests that the cumulative mass of scrap collected up to a given year equals a fraction (the recovery
rate) of the steel used in products up to a specific date λscrapped years earlier. Use of an annual recovery
rate (rather than a constant ratio) helps to account for some of the variations in scrap collection.

The integration period used to calculate the moving average steel consumption rate affects the
results. The effect of the integration period arises, in part, from fluctuations in steel consumption and
recycling (in response to economic cycles) as well as the increase in steel consumption over the period
considered. To test the effect of the integration period, the scrapped lifetime for total steel in the U.S.
for the years 1900 to 2016 was calculated based on three different integration periods: λapp, 2λapp, and
3λapp (as used in Equation (2)). The resulting calculated scrapped lifetimes of steel for the different
integration periods are shown in Figure 3. The difference between the apparent lifetime and scrapped
lifetime was larger with a shorter integration period. If this large difference were real, it would imply
that a large proportion of the steel would be lost and never recycled, which does not appear to be
realistic, given reported recycling rates. The results were also compared with weighted averages of the
reported lifetime of steel (the box in Figure 3) for 2010–2015. The reported sector lifetimes (listed in
Table 1) were weighted using either the relative amount of steel consumed by each sector (yielding
an average lifetime of 29 years) or the relative amount of scrap recovered from each sector (yielding
an average lifetime of 25 years). The proportions of steel consumed were as given in Figure 2 and
scrap ratios as in Table 2. The calculated average lifetime was close to the scrapped lifetime of steel,
calculated with 2λapp as the integration period. On the basis of these results, the integration period
was chosen to be 2λapp.

Figure 3. The apparent lifetime of all steel consumed in the U.S., with the scrapped lifetime calculated
with integration periods of λapp, 2λapp, and 3λapp. The shaded box shows the weighted average of the
reported lifetime of steel for 2010–2015.
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4. Results and Discussion

4.1. Calculated Lifetimes per Industry Sector in the U.S.

Calculated annual steel consumption and scrap collection tonnages per industry sector in the
U.S. between 1900 and 2016 are shown in Figure 4, with apparent recovery rates in Figure 5. On the
basis of the low recovery rate, the construction sector had the largest tonnage of non-recirculated steel,
with approximately 55% of the total steel consumption collected within the apparent lifetime of steel.
The results also show that the apparent recovery rate could temporarily be above 100%, as seen in
Figure 4b–d, in years when the tonnage of steel scrap collected was larger than the moving average
tonnage of steel produced. In those years, scrap was collected from accumulated scrap reserves. From
simple mass balance considerations, the weighted average apparent recovery rate cannot be greater
than 1 (100% recovery) over time. However, for all sectors apart from construction, the apparent
recovery rate was close to 1, resulting in similar scrapped and apparent lifetimes and indicating low
losses of unrecycled steel from the system (see Figure 5b–d).
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Figure 4. Input data on steel consumption and scrap collection for the following industry sectors:
(a) construction, (b) consumer goods, (c) industry goods, (d) automotive sector between 1900 and 2016
in the U.S.
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Figure 5. Apparent recovery rates of steel η(t) per industry sector in the U.S. between 1900 and 2016:
(a) construction, (b) consumer goods, (c) industry goods, and (d) automotive sector.

The end-of-life recycling rate (EOL-RR) of metals is defined as the ratio of the tonnage of old
steel scrap collected to the steel tonnage in EOL products [38]. A 2011 United Nations Environment
Programme report on the EOL-RR of steel in different countries showed the value to be between 70%
and 90% [38]. In a USGS study, the EOL-RR of steel in the U.S. in 1998 was calculated to be 47%, taking
the lifetime of steel as 19 years [39]. In the present study, the collected steel scrap included both old
scrap and prompt scrap. Although the calculated apparent recovery rates fluctuated due to the input
data, the longer-term average appeared to be constant and similar to the previously reported EOL-RR.
In this work, the average apparent recovery rate for the years 1998 to 2010 for total steel in the U.S.
was calculated to be 73%, with a lowest value of 69% and a highest value of 83%, similar to the values
of the end-of-life recycling rate quoted above.

The calculated scrapped and apparent lifetimes of steel per industry sector in the U.S. between
1900 and 2016 are shown in Figure 6a–d. For comparison, the figure includes data on measured
in-use lifetimes of products and applications in the U.S. over certain periods; these are shown as
individual data points or ranges of measure lifetime and period of measurement (lines and boxes).
These measured lifetimes are also summarized in Table 1.

The scrapped (and apparent) lifetimes of end-of-life steel products in 2016 in the U.S. were
calculated to be as follows: a scrapped lifetime of 30 years (apparent lifetime, 53 years) for the
construction sector; 17 (28) years for industrial goods; 17 (21) years for the automotive sector; and
13 (15) years for consumer goods.

The results show edge effects at the beginning of the calculation period for the automotive and
consumer goods sectors, resulting in a peak in the calculated scrapped and apparent lifetimes (marked
in Figure 6b,d). These edge effects stemmed from an inconsistency between the input data on steel
consumption and scrap collection and resulted in part from the assumption that scrap was increasingly
collected from these sectors from 1945. This appeared to cause the calculated lifetime of steel at the start
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of the period of substantial scrap collection to be excessively large, resulting in a peak in the calculated
lifetime of steel. However, the peak might be real. In the absence of large-scale recycling, older scrap
would have accumulated before 1945. It does not appear to be possible to test this calculation with the
available data. Although the in-use lifetime of automobiles did not change for automobiles that were
deregistered over this period [40], the time lapse between deregistration and recycling (for this period)
is not known.

  
(a) (b) 

  
(c) (d) 

Figure 6. The scrapped and apparent lifetimes of steel in the U.S. between 1900 and 2016 calculated
with the Volume Correlation Model (VCM), compared with previously reported lifetime measurements
of steel products in-use in the U.S. (literature values are shown as filled circles for single years and
boxes for studies referring to multiple years, with reference numbers indicated): (a) construction,
(b) consumer goods, (c) industrial goods, and (d) automotive sector.

A similar but less obvious effect applies to the calculated lifetimes of steel construction and
industrial goods, at the start of the period considered (from 1900 onwards). The scrapped lifetime is
incorrectly shown as zero. This inevitably arose from the arbitrary choice of a starting date, subject to
the limitations of the available data. However, for all sectors, the calculated scrapped lifetimes did
correspond to the previously reported lifetimes for later years (Figure 6). Additionally, the calculated
values at least fell within the rather wide range of reported lifetimes. On the basis of that agreement,
the estimated lifetimes appeared to be reliable for 1950 onwards.

The average lifetime of steel generally showed an increasing trend for all sectors over the century
of data considered, likely indicating that the quality of steel products has improved over time.
The comparison between the model results and the lifetime measurements of steel showed that
the calculated values based on the VCM were within the range of lifetime measurements of steel in
the U.S. (Figure 6). Exceptions included two estimates of the lifetimes of steel in the industrial and
consumer appliance sectors: the calculated lifetime (from the VCM in this work) was significantly
shorter than the reported (measured) lifetime. However, these sectors cover a wide range of products
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(with a wide range of lifetimes, as indicated by Figure 6) and the disagreement may have simply
reflected the difficulty of obtaining a representative sample when measuring in-use lifetimes.

4.2. The Lifetimes of Steel in the U.S., Sweden, and the World

The lifetime of steel (total for all sectors) was estimated with the VCM based on steel consumption
and recycling in the U.S., Sweden, and the world between 1900 and 2010. The scrapped and apparent
lifetimes of steel in the different regions are compared in Figure 7a,b. The estimated scrapped lifetime
of steel was similar in all the regions, reflecting the global nature of steel markets. There were larger
differences between the apparent lifetimes, especially around the middle of the 20th century. Since the
difference between the apparent and scrapped lifetime was related to the recovery rate, these results
indicate the relatively large proportions of non-recycled steel in the U.S. and the world. The estimated
scrapped (and apparent) lifetimes of steel in 2010 were as follows: a scrapped lifetime of 32 years
(apparent lifetime: 35 years) in Sweden, 29 (39) years on a global scale, and 23 (37) years in the U.S.
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Figure 7. Steel lifetimes (total for all sectors) in the U.S., Sweden and the world, calculated with the
VCM for 1900 to 2010: (a) scrapped lifetime; (b) apparent lifetime.

5. Conclusions

The scrapped and apparent lifetimes of steel per industry sector in the U.S. were calculated on an
annual basis for the years between 1900 and 2016, using the Volume Correlation Model (VCM) method.
The calculated steel lifetimes were within the range of previously reported lifetime measurements
for products and applications in all industry sectors. The apparent lifetime of steel varied between
countries and between different industry sectors in the U.S. The difference between the scrapped and
apparent lifetimes of steel was significant and should be considered when forecasting the availability
of steel scrap based on Dynamic Material Flow Models (DMFMs). In previous DMFMs the lifetime of
steel was based on lifetime measurements on products and applications [2–8]. On the basis of DMFMs,
it is possible to estimate steel scrap generation at national and industry sector levels. The information
on the availability of steel scrap per industry sector can assist in the planning of waste management
and steelmaking facilities.

Supplementary Materials: The following data are available online at http://www.mdpi.com/2075-4701/8/5/
338/s1, Excel document with input data and results.
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Appendix A

Survey-based estimates of the in-use lifetime of products and applications in the United States.

Table A1. Average lifetime per unit in the construction sector in the United States.

Product groups References Method Timeline Average Lifetime

American Housing Survey,
General Housing Data, all

Housing Units.

U.S. Census Bureau, Current
Housing Reports, Series

H150/11, American Housing
Survey for the United States:

2011, Table C-01-AH. [9]

Lifetime of
buildings used in

Unites States

2015
2013–2014

2011

39 years
44 years
42 years

American Housing Survey,
General Housing Data, all

Housing Units.

U.S. Department of
Commerce. Bureau of

Economic Analysis. Table A-1.
Characteristics of the housing
inventory 1973, 1980 and 1970

page 6 or page 1. [9]

Lifetime of
buildings used in

Unites States

1973
1980

24 years
28 years

Industrial buildings, mobile
offices, office buildings,

commercial warehouses, other
commercial buildings,

religious buildings,
educational buildings,

hospital and institutional
buildings, hotels and motels,
amusement and recreational

buildings, all other
nonfarm buildings.

U.S. Department of Commerce.
Bureau of Economic Analysis.
Fixed Assets and Consumer
Durable Goods in the United

States, 1925–1999. [9]

Lifetime estimates 1925–1997 17–48 years

Bridges National Bridge Inventory
[10,11]

Lifetime of bridges
in-use, maximum
age distribution.

Most bridges were
built for a 50-year

design life.

2010 50 years

Table A2. Average lifetime of industrial-goods products and applications in the United States.

Product Groups Reference Method Timeline Average Lifetime

Construction machinery and
equipment, metalworking
machinery and equipment,
general purpose machinery

and equipment.

U.S. Department of Commerce.
Bureau of Economic Analysis.
Fixed Assets and Consumer
Durable Goods in the United

States, 1925–1999. [13]

Service lives and
depreciation

estimates.
1925–1999 10–16 years

Agricultural and
different machinery.

Division of Assessment
Standards, Nevada

Department of Taxation. [12]
Service lives. 2010 7–30 years

Metalworking machinery,
durable machinery, special

industry machinery.

U.S. Department of Commerce.
Bureau of Economic Analysis.
Fixed Assets and Consumer
Durable Goods in the United

States, 1925–1997. [13]

Service lives. 1925–1997 16–25 years
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Table A3. Average in-use lifetime per unit in the automotive sector in the United States.

Product Groups Reference Method Timeline Average Lifetime

Boats and vessels—dry
cargo, tanker, towboat,

passenger, offshore
support/crew-boats, dry
barge, tank/liquid barge,
(figures include vessels
available for operation)

U.S. Army Corps of Engineers,
Waterborne Transportation
Lines of the United States,

Volume 1, National
Summaries, Table 4,

available at http:
//www.navigationdatacenter.

us/veslchar/pdf/ as of
21 June 2016. [15]

Age is based on the year
the vessel was
built or rebuilt.

1990–2014 18–16 years

Locomotives, passenger
and other train cars.

Amtrak Annual Report,
Statistical Appendix. [17]

Fiscal year-end average (30
September of stated year).
Active units less backshop

units undergoing heavy
maintenance, less

back-ordered units
undergoing progressive

maintenance and
running repairs.

1972–2015 11–26 years

Commuter rail
locomotives, commuter
rail passenger coaches,

commuter rail
self-propelled passenger

cars, heavy-rail passenger
cars, light rail vehicles
(streetcars), articulated

full-small size trolley vans,
ferry boats.

U.S. Department of
Transportation, Federal Transit

Administration, National
Transit Database. National

Transit Summaries and Trends,
Table 25. [16]

Average Age of Urban
Transit Vehicles.

Locomotives used in
Amtrak intercity passenger
services are not included.

1985–2014 11–16 years

Aircraft: Transportation by
air, depository institutions

and business services.

U.S. Department of Commerce.
Bureau of Economic Analysis.
Fixed Assets and Consumer
Durable Goods in the United

States, 1925–1999. [18]

Average age of aircraft. 1960–1997 15–20 years

Table A4. Average in-use lifetime of appliances in the United States.

Product Groups Reference Method Timeline Average Lifetime

Mobile phones, cordless telephones,
answering machines, fax machines,

personal computers, laptops, printers,
computer monitors, computer mice,
keyboards (Metal content 8–69%).

Study of Life
Expectancy of

Home
Components.

Prepared by the
Economics Group

of NAHB. [14]

Current lifetime 2011 5–11 years

Household appliances—air
conditioners, dishwashers, dryers,
freezers, microwave ovens, ranges,

refrigerators, clothes washers, water
heaters, trash compactors (metal

content in all units between 46–96%).

National
Association of

Home
Builders/Bank of
America Home

Equity. [14]

Life expectancy is
based on

first-owner use.
2011 5–20 years

Video and audio products—projection
TVs, plasma, LCD, and color TVs,

TV/VCR combinations, videocassette
players, VCR decks, DVD players,

camcorders, home and portable audio
products (Metal content 21–30%)

National
Association of

Home
Builders/Bank of
America Home

Equity. [14]

Life expectancy is
based on

first-owner use.
2011 9–15 years

Appendix B

Table A5 shows the summary of the World Steel Association U.S. scrap survey [25] based on the
answers from the scrap-producing companies in the United States in 2014 (excluding phone interviews).
The category of “Other” scrap was estimated to be predominantly construction material (92.83%),
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0.86% packaging, 4.17% mechanical machinery, 2.14% prompt scrap. The “total production of scrap”
represents the coverage of scrap the survey.

Table A5. Results from 2014 World Steel Association scrap survey [25].

Scrap Type Percentage of Yearly Scrap (%)

Appliances 11.37
Vehicles 19.78

Tires 0.02
Packaging 4.2

Construction 19.16
Mechanical machinery 4.57

Electrical and Electronic products 5.8
Transport 3.16

Prompt scrap 27.23
Other 4.71

Total production of scrap 19,095,547 ton

Appendix C

Figure A1. Material flow of steel in society, showing the extent of the system considered in this study
and the model input data.

Table A6. Nomenclature on stocks and flows, with definitions.

Term Definition

Steel consumption (h) Net consumption of steel used for its application purpose plus prompt steel scrap. Marked
with a thick blue curved line in Figure A1.

Scrap collection (f ) Net collection of obsolete and prompt steel scrap in the US. Domestic collected steel scrap
which is commercially available. Marked with a thick orange curved line in Figure A1.

Purchased steel scrap Net receipt of scrap in US iron and steel mills and foundries, including imports and excluding
exports of scrap.

Internal scrap Processing scrap generated at iron and steel mills and foundries.

Prompt scrap Processing scrap generated at external manufacturers (during downstream processing); also
termed “new scrap”.

Obsolete scrap Old scrap which has been collected and processed from end-of-life products and applications.

Indirect trade Imports and exports of steel in further manufactured goods; steel contained in products.
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Abstract: CuO-ZnO-Al2O3 catalysts are designed for low-temperature conversion in the process of
hydrogen and ammonia synthesis gas production. This paper presents the results of research into the
recovery of copper and zinc from spent catalysts using pyrometallurgical and hydrometallurgical
methods. Under reducing conditions, at high temperature, having appropriately selected the
composition of the slag, more than 66% of the copper can be extracted in metallic form, and about
70% of zinc in the form of ZnO from this material. Hydrometallurgical processing of the catalysts
was carried out using two leaching solutions: alkaline and acidic. Almost 62% of the zinc contained
in the catalysts was leached to the alkaline solution, and about 98% of the copper was leached to the
acidic solution. After the hydrometallurgical treatment of the catalysts, an insoluble residue was also
obtained in the form of pure ZnAl2O4. This compound can be reused to produce catalysts, or it can
be processed under reducing conditions at high temperature to recover zinc. The recovery of zinc
and copper from such a material is consistent with the policy of sustainable development, and helps
to reduce the environmental load of stored wastes.

Keywords: sustainable development; recycling; spent catalysts; zinc; copper

1. Introduction

Spent CuO-ZnO-Al2O3 catalysts are very important secondary resources for metal recovery and
could be highly usable for copper and zinc recycling [1]. This type of catalyst is used in low-temperature
processes of carbon monoxide conversion with steam and to obtain hydrogen as well as a synthesis
gas to produce ammonia or methanol [2–5]. Manufacturers of catalysts define the content of the basic
components in new products as follows: CuO—min 50%, ZnO—min 25%. Multiple variations of these
are available on the market. They are different in terms of their Cu, Zn and Al oxide content. The copper
to zinc mass ratio in industrial catalysts manufactured using the co-precipitation method is usually
7:3 [6]. The presence of spinel structures is a feature specific to the catalysts that are analyzed in the
paper. In the literature, CuAl2O4 spinels on the surface of the catalysts and the ZnAl2O4 stoichiometry
spinel structures throughout their volume are the most frequently reported [7,8]. X-ray diffraction
studies in the literature [9] indicate that the ZnAl2O4 compound is present at a temperature of 1100 ◦C.
Therefore, processing of the spent catalyst with the infusible spinel structures present in them, and the
complete recovery of zinc from this type of material, can be difficult using the pyrometallurgical
method. Due to the toxic metal content (Zn, Cu), these materials can be considered to pollute the
natural environment. In Poland, the volume of CuO-ZnO-Al2O3 waste catalysts is estimated at around
2000 tons per year. The current method for their recycling consists of pyrometallurgical processing
together with other waste containing zinc and/or copper. In the literature, there is only quite scarce
information related to the processing of this type of catalysts. This is limited to the patents [10–12]
describing the hydrometallurgical processing of spent CuO-ZnO-Al2O3 catalysts, which consists of
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leaching the spent catalysts in a solution of nitric acid after high-temperature roasting or leaching
in ammonia solutions. From the resulting solutions, copper and zinc compounds can be selectively
precipitated and then recycled for the production of catalysts. In this work, it was decided to analyze
the use of pyro and hydrometallurgical methods for the processing of catalysts in terms of maximum
recovery of metals and minimization of waste.

2. Properties of Examined Material

The material tested in this work comprises spent CuO-ZnO-Al2O3 catalysts available on the
Polish market. These occur in the form of identical rolls with a diameter of 4.5 mm and a height of
3.5 mm. The chemical analysis (AAS) of the examined samples of spent catalysts indicates different
content of copper and zinc in the materials analyzed. With the detailed chemical analysis of the
catalyst sample selected to be examined, the following results were obtained: 35.1% of Cu, 29.9% of
Zn and 9.2% of Al. A sample of the material was also examined using X-ray diffraction (XRD) and
scanning electron microscope observations combined with qualitative energy dispersion chemical
analysis (EDS). The results of the phase analysis are shown in Figure 1. CuO and ZnO oxides are the
main phase components. Additionally, small quantities of Cu2O and hydroxy-carbonate complexes of
zinc and copper are present.

Figure 1. XRD pattern of the grounded catalyst sample.

In Figures 2 and 3, respectively, an image of a sample of fragmented catalyst material and the
EDS analysis of the area presented are shown. The elements identified are copper, zinc, aluminum,
carbon and oxygen. This is only a confirmation of the phase analysis.
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Figure 2. The microscopic image of the sample of the fragmented catalyst material.

 

Figure 3. EDS analysis of the area of the sample seen in Figure 2.

3. Pyrometallurgical Processing of Spent Catalysts

With information about the content of the most valuable components in the material having been
obtained, it was decided to perform the test melting in order to extract copper and zinc in the form
of zinc oxide from spent catalysts and to optimize the process for maximum yields of Cu and ZnO,
as mentioned above. Bearing in mind the oxidic nature of catalysts, in order to lower the melting
point (softening point) of the slag created and, if possible, to decrease its viscosity, it was decided
to carry out the recovery process under reducing conditions and to apply slag-forming additives
(e.g., CaO, SiO2, Na2O). Therefore, in order to determine the amount of additives that would ensure
the lowest melting point of the slag, the relevant binary and ternary systems were analyzed. In the
case of a binary ZnO-SiO2 system, the liquid phase occurs at a temperature of 1432 ◦C, with a content
of about 52% ZnO by weight [13]; while in the Na2O-SiO2 system, the liquid phase occurs in a wide
range of concentrations and temperatures close to 1000 ◦C [14]. Therefore, it can be assumed that in the
Na2O-ZnO-SiO2 ternary system, compositions are likely in which the melting point of the respective
ternary phase will be low enough to melt the catalysts processed. The above hypothesis is confirmed by
reports in the literature [15], which indicate that once the concentration level of (weight percent) 21.5%
Na2O, 12.0% ZnO, 66.5% SiO2 in this system is reached, the minimum melting point is 680 ◦C. On the
basis of the available information about the CaO-ZnO-SiO2 and CaO-ZnO-Al2O3-SiO2 systems [16,17],
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it was assumed that the lowest melting points could be obtained when the relevant components were
at similar concentration levels.

3.1. Experimental Procedure of Pyrometallurgical Processing

The catalysts were processed in an induction furnace, operating at a temperature range between
1100–1300 ◦C. This temperature was to ensure maximum stripping of zinc and the obtaining of liquid
copper by reducing its oxide. The amount of coal for the reduction of CuO and ZnO was determined
assuming the formation of CO and CO2. As a result, the amount of reductant added varies between
6 and 12 wt %. For further studies, the mean value was taken and increased by 10% due to the ash
content in coal. Initial testing made it possible to determine that at 10% of added reductant, the degree
of zinc stripping was at a level of approx. 65%. The remainder of the zinc goes into the slag and
metal phase. It should be noted that tests were carried out in a graphite crucible, which additionally
improved the reduction conditions. Based on these results, it was possible to determine the test plan to
optimize the amount of slag-forming additives.

Four variants of laboratory tests were performed. The tests were different from each other in
terms of quantity of slag-forming components added. The optimal process parameters were sought in
order to obtain the lowest melting points of slag, and thereby to minimize the loss of metals extracted
from the catalysts to slag. 100 g of uncrushed catalysts were used for each of the tests. The weights
of copper and zinc contained in these were 35.1 and 29.9 g, respectively. Reducing conditions of
the process were secured by adding 10 g of coal and by the fact that the melting was carried out in
a graphite crucible. Once the melting was complete, the liquid products contained in the crucible were
cooled, separated, and weighed, and the chemical analyses of the materials obtained were performed.

3.2. Results and Discussion of Pyrometallurgical Tests

3.2.1. Test No. 1

100 g of catalysts were mixed with 10 g of carbon, 50 g of SiO2 and 15 g of CaO. The whole feed
was placed in a graphite crucible and heated until a temperature of 1300 ◦C was reached. At the
beginning, intensive reduction of ZnO to Zn was observed, and the metal was lifted in the gas phase
and re-oxidized. After about 45 min, this process had definitely halted (no emission of ZnO white
films), and hence the decision was taken to terminate the test at this time. After cooling the crucible,
its contents were separated into three fractions, and 26 g of metal, 62 g of glassy slag and about 17.5 g
of unmelted fine fraction were yielded. This phase is, most likely, unreacted slag-forming components
and unmelted ZnAl2O4 spinel structures. Additionally, in the experimental system, it was impossible
to identify the amount of dust produced. It should be added that in the slag phase, no sedimented tiny
metallic copper inclusions were visible.

3.2.2. Test No. 2

100 g of catalysts, 10 g of carbon, 60 g of SiO2 and 20 g of NaOH were the feed for smelting.
The temperature of the process was 1300 ◦C, and the duration was 50 min. Like in the previous test,
for the first 45 min of the process, the stripping of the zinc in the form of ZnO was very intense.
Upon its completion, after product cooling and separation, 25 g of metal, 95 g of glassy slag and 7.5 g
of free-flowing phase (slag-forming components and spinels) were found. Additionally, in this test,
metallic copper inclusions were seen in the slag.

3.2.3. Test No. 3

100 g of catalysts, 10 g of carbon, 31 g of Na2CO3 and 55.4 g of SiO2 were the feed for the process.
The feed was melted at a temperature of 1250 ◦C, and the melting time was 90 min. After this period,
stripping of zinc drastically decreased, and hence the decision to terminate the smelting was taken.
25 g of metal and 107 g of glassy slag with minor copper inclusions were yielded.
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3.2.4. Test No. 4

100 g of catalysts, 10 g of carbon, 16 g of Na2CO3 and 28 g of SiO2 were melted. The melting
time was 90 min and the process temperature was 1250 ◦C. 20 g of metal and 61 g of glassy slag with
a certain amount of copper drops were yielded.

The smelting products, namely slag and metallic alloy, were subjects of chemical analysis for the
content of copper and zinc. The summary of the test results in Table 1 takes into account the fact that
the unbalanced portion of zinc is transferred to the dust phase.

Table 1. List of parameters for processing the spent catalysts conducted at laboratory scale according
to smelting variants.

Process Parameters
Smelting Variant

I II III IV

FEED
Mass of catalysts (g) 100 100 100 100

Mass of silica (g) 50 60 55.4 28
Mass of carbon (g) 10 10 10 10

Mass of CaO (g) 15 - - -
Mass of Na2CO3 (g) - - 31 16
Mass of NaOH (g) - 20 - -

Smelting time (min) 45 50 90 90
Process temperature (◦C) 1300 1300 1250 1250

PRODUCTS
The overall mass of the alloy (g) 26 25 25 20

Mass of Cu in the alloy (g) 23.2 22.1 22.0 17.7
Mass of Zn in the alloy (g) 2.5 2.7 2.8 2.3

Mass of slag (g) 62 95 107 61
Mass of copper in the slag (g) 6.4 7.5 7.6 11.9

Mass of zinc in the slag (g) 6.0 6.1 6.7 6.3
The copper yield in the alloy (%) 66.1 63.0 62.7 50.4

The estimated yield of zinc in the dust (%) 71.6 70.6 68.2 71.2

Slag-forming additives have a significant effect on the recovery of Cu to alloy and Zn to dust.
The use of CaO (variant I) results in the best recovery of copper and zinc. The use of other additives
(variants II and III) results in similar effects with a much larger quantity of waste slag produced. In the
last variant of the remelting (IV), a small addition of Na2CO2 was used and an unsatisfactory degree
of copper extraction to metallic alloy was obtained. However, the results of the pyrometallurgical test
of catalyst recycling do not provide grounds for optimism. The too-low yield of copper may cause
the processing to be less cost-effective. This is due to the problem of obtaining a low-viscosity slag.
It is probable that the presence of zinc aluminate is responsible for the high viscosity of the slags.
Correction of the slag composition results in the formation of a large amount of slag, and even at
a lower copper content, total losses are significant.

4. Processing of Catalysts Using the Hydrometallurgical Method

4.1. Procedure of Hydrometallurgical Tests

The results of using the described pyrometallurgical method to recycle the spent catalysts are
not fully satisfactory. Therefore, the decision was taken to use a hydrometallurgical method for their
processing. With knowledge about the structure of catalysts, their chemical composition and their
phase composition, as well as being familiar with how they are produced [6], an innovative method
for processing them was developed. Zinc aluminate (ZnAl2O4), which is present in the catalysts,
is a compound highly resistant to both acids and alkalines [18]. Therefore, it has been recognized that
after leaching, copper oxides and zinc oxides will be left as insoluble residue. First, catalysts in the
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form of pellets were fragmented to reach sizes of less than 90 μm. In order to separate zinc and copper,
zinc oxide and copper oxide leaching processes were selectively carried out, consisting of two stages:

• Leaching in NaOH solution (temperature 75 ◦C, process duration 120 min, NaOH concentration =
200 g/dm3, l/s = 10),

• Leaching in H2SO4 solution (temperature 60 ◦C, process duration 120 min, H2SO4 concentration
= 180 g/dm3, l/s = 10).

The process conditions were adjusted based on previous experience in alkaline leaching [19],
and pilot tests. After each leaching process, the slurry was filtered (filter Munktell & Filtrak, Stockholm,
Sweden, type 392) to separate the deposit. The filtration process is difficult because the deposit consists
of very fine grains. During the leaching using NaOH, only zinc was transferred to the solution. In fact,
after the acidic leaching, the solution contained just copper. The amount of zinc in the solution was 100
to 150 times less than the amount of copper. Additionally, in order to facilitate transferring the copper
to the solution, as acidic leaching was conducted, small amounts of hydrogen peroxide solution were
added. A small quantity of this may in fact be present in metallic form.

4.2. Results and Discussion of Hydrometallurgical Tests

The above-described procedure made it possible to obtain the following products from 100 g of
recycled catalysts (information based on AAS analysis):

• Zn solution—0.8 dm3 (Zn-23 g/dm3),
• Cu solution—0.8 dm3 (Cu-43 g/dm3),
• ZnAl2O4 deposit in the amount of 33 g.

After leaching, the solutions still contain highly concentrated leaching agent, and should be
returned to the initial leaching of subsequent batches. In order to recover as much metal as possible,
the final leaching must be carried out using highly concentrated leaching agent. The zinc aluminate
deposit was of dark gray color, since it contained a certain amount of carbon. An attempt to burn it
out (600 ◦C, air atmosphere) resulted in weight reduction by about 10%, and the color was changed to
light gray. The sample obtained in this way was analyzed using X-ray phase analysis. The results are
presented in Figure 4.

Results of the phase analysis indicate the presence of only zinc aluminate and carbon. The presence
of carbon results from the fact that during leaching, coal does not pass into the solution and accumulates
in the residue.

The balance of the processing performed is as follows (100 g of catalysts):

• Amount of zinc in alkaline solution—18.5 g
• Amount of copper in acidic solution—34.5 g
• Zinc aluminate—30 g
• Carbon—3 g
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Figure 4. XRD pattern of zinc aluminate obtained from recycling catalysts.

Material balance and analysis of the solutions made it possible to determine the yield of copper in
solution at the level of 98%. The yield of zinc to the alkaline solution is 61.9%. Because the residue after
leaching is actually pure ZnAl2O4, it can be treated as a product of the process. In this case, zinc yield
increases to 97.5%, and the yield of aluminum is 96%.

5. Conclusions

Laboratory tests carried out indicate that the pyrometallurgical method can be used to recover
copper and zinc contained in the spent catalysts processed. However, after conducting the tests,
some amounts of the alloy in the slag were noted in the form of small. This may be a result of the high
viscosity of the slag and a result of the difficult sedimentation conditions under the test conditions.
The process should be carried out at temperatures above 1200 ◦C, and a reductant should be used
in the form of coal in an amount of about 10% by weight of catalysts. Liquid copper and ZnO in the
form of dust are products of the process. Silica and CaO or NaOH or Na2CO3 are an indispensable
technological additive in processing catalysts for slag adjustment. This makes it possible to obtain
a glassy slag and to minimize copper losses in the process. Laboratory test conditions made it possible
to carry out the process of copper recovery with a yield of up to 66%. The Zn yield for dust was
estimated based on the amounts of zinc contained in the alloy obtained and in slag. It can be assumed
that under proper process conditions (reducing atmosphere, ~1300 ◦C, enough time for Zn stripping),
transferring to dust more than 70% of zinc contained in the spent catalysts is very possible.

Hydrometallurgical processing based on selective leaching makes it possible to accurately separate
the components of spent catalysts. More than 96% degree of metal recovery is reached. In the case
of zinc and aluminum, this value is relative to the overall yield. It also includes the content of these
metals in the leach residue. This residue may be the product of the process, because it actually contains
pure ZnAl2O4. Solutions obtained as a result of applying acidic and alkaline leaching make it possible
to perform the selective extraction of the Cu and Zn they contain. These metals can be recovered from
solutions in the form of compounds by precipitation or in a metallic form by electrolysis. The residue
(mainly ZnAl2O4) left after leaching may be returned to produce new catalysts or may be thermally
processed to recover the zinc it contains.

Taking into account the ecological side of the proposed processes, it should be noted that during
the pyrometallurgical processing, a waste slag is formed with a relatively high content of zinc and
copper. For this reason, the waste slag cannot be considered neutral for the natural environment.
Hydrometallurgical conversion of catalysts leads to their waste-free management, and thus is completely
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environmentally friendly. The optimization of the leaching process parameters is the way of developing
the proposed method.
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Abstract: Manganese is an element of interest in metallurgy, especially in ironmaking and steel
making, but also in copper and aluminum industries. The depletion of manganese high grade
sources and the environmental awareness have led to search for new manganese sources, such as
wastes/by-products of other metallurgies. In this way, we propose the recovery of manganese
from anodic lodes and scrapings of the zinc electrolysis process because of their high Mn content
(>30%). The proposed process is based on a mixed leaching: a lixiviation-neutralization at low
temperature (50 ◦C, reached due to the exothermic reactions involved in the process) and a lixiviation
with sulfuric acid at high temperature (150–200 ◦C, in heated reactor). The obtained solution
after the combined process is mainly composed by manganese sulphate. This solution is then
neutralized with CaO (or manganese carbonate) as a first purification stage, removing H2SO4 and
those impurities that are easily removable by controlling pH. Then, the purification of nobler elements
than manganese is performed by their precipitation as sulphides. The purified solution is sent to
electrolysis where electrolytic manganese is obtained (99.9% Mn). The versatility of the proposed
process allows for obtaining electrolytic manganese, oxide of manganese (IV), oxide of manganese
(II), or manganese sulphate.

Keywords: manganese; Zinc; electrolytic lodes and scrapings; electrolytic manganese; metallurgy;
hydrometallurgy; recycling

1. Introduction

Some secondary products, such as muds, collected powders, and slags, are considered as wastes
in different industries, especially in metallurgy. They are sent to controlled disposal as sometimes
they contain hazardous substances, being an economical and environmental problem for the factory.
In some cases, these wastes are mixed/recycled with the raw materials, as, for instance, in the iron
metallurgy (in the iron ore sintering process mill scale, LD (Linz and Donawitz, LD) slag, sludges,
and refractory oxides [1], are recycled in the sintering process, others, such as blast furnace slags,
are used in the manufacture of cement, and certain gases are burnt in power stations) [2–6] or in the
ferroalloys industry (ultrafine oxidized dust from the ferromanganese and silicomanganese production
is mixed with cement and recycled in the process) [7]. Mixing is not always an option, even though
some of these wastes are produced in small amounts. This is the case of the waste produced in
the zinc electrowinning, known as anode manganese-lead waste, which is produced in amounts
of 15–35 kg per 103 kg of zinc [8]. This waste cannot be mixed with other manganese ores in the
ferroalloys industry as a consequence of the presence of lead (the incompatibility of lead in the
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metallurgy of manganese is related with the easily reducibility of lead compounds and the volatility
of this metal at the temperatures that are involved in the carbothermic reduction furnace employed
in the ferromanganese industry, see Sancho et al., pages 386–394 [9]). As said, some of these wastes
are considered toxic-hazardous and their deposit is regulated and carried out in controlled areas with
high costs, especially due to preparation, inertization, and the control of the area. On another note,
sustainability is deeply rooted in developed countries policies leading to take advantage of the metallic
content of the wastes produced in metallurgical plants, becoming them in by-products of interest for
the metallurgical industry, as is the case of anode manganese-lead waste.

The origin of the waste used in this process is found in the zinc metallurgy. Zinc is produced in
large plants (0.20–0.55 × 109 kg of zinc) through electrolysis (the full description of the process can
be read in Sancho et al., pages 354–369 [9]). First, blende is lixiviated with sulfuric acid solution in
a return cell. After the purification of the solution from the nobler metals than zinc, the solution is
electrolyzed, and high-quality zinc is produced [9]. Jarosite precipitation for iron elimination from the
solution requires iron in solution as 3+. This can be guaranteed by using Mn (IV)(s) or Mn (VI)(aq)
in solution, which is achieved by adding the corresponding manganese compounds. The existence of
Mn (I I)(aq) in the rich solution produces, when electrolyzing zinc, some deposition of MnO2(s) on
the anode’s surface because of the reaction (1).

2H2O(l) + Mn2+(aq) → MnO2(s) + 4H+(aq) + 2e− (1)

This layer is beneficial as avoids the contamination of the electrodes with lead. Manganese
is also present in zinc ores (depending on the rock containing the zinc deposit, and consequently,
manganese can appear as MnCO3 or MnO·SiO2 [10]). Mn is not harmful for the process, as it was
previously mentioned, because deposits on the surface of the anodes (Pb-0.5Ag anodes), avoiding its
corrosion, and the correspondingly contamination in the cathode. The lode falls and forms the anodic
lodes sweeping along some Cu, As, Sb, and Co, and for that reason, facilitates de purification of the
electrolyte. Mn content in the electrolyte is around 7 g/L (maximum considered reasonable 25 g/L) [9].
The problem is when the crust of MnO2 is too deep and this causes the increase of voltage, making the
removal of both the lodes and the crust (scrapings) necessary. The granulometry of the lode is mainly
lower than 0.1 mm, while the granulometry of the crust (scrapings) depends on the removal system,
usually mechanic, forming the scraps with a granulometry higher than 1 mm. Homogenization is, for
that reason, required, partially achieved by milling the material (milling also facilitates de leaching [11])
and the screening. For that reason, there are two products susceptible of being treated for manganese
recovery: anode scraps and bottom cell lodes. Both the anode scraps and the cell lodes are mainly
formed by Mn (IV) oxides, and there is an important mechanical contamination of lead sulphate with
strontium and little silver [8].

Manganese finds its main applications in steel production since 85–90% of all manganese is
consumed in the steel industry [12], mainly as ferromanganese and silicomanganese. These products
are typically produced by pyrometallurgical methods and using metallurgical grade manganese
ores (>40%) [12,13]. The development of processes to recover low-grade manganese ores and other
secondary sources has taken emphasis in the last decades as the manganese demand has grown
rapidly [12,13], and the depletion of high manganese ore sources. Several processes have been studied
to recover low grade manganese ores (20–30% Mn) by using different methods: leaching of manganese
carbonate in ammonium sulfate solution [14]; recovery of manganese from electric arc furnace dust
of ferromanganese by using sulfuric acid as leaching agent, and oxalic acid, hydrogen peroxide,
and glucose as reducing reagents [15]; reduction-roasting of low-grade manganese dioxide ores by
using sulfuric acid as leaching solvent and cornstalk as reducing reagent [16]; sulfuric acid leaching of
ocean manganese nodules using phenols as reducing agents [17]; sulfur-based reduction roasting-acid
leaching of low-grade manganese oxide ores [18]; reductive leaching of low-grade manganese ores,
using cane molasses as reducing reagent and sulfuric acid as solvent [19]; reduction-acid leaching of
low grade manganese ores using CaS as reductant [20]; recovery of manganese from spent batteries [21];
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reuse of anode slime from the zinc electrolysis [22]; and, recovering manganese from treated sludge of
the exhaust gases of ferroalloy production furnaces [23].

As mentioned, manganese finds its main applications in the steel industry; for instance, high
strength steels contain more than 1% manganese, representing 3–4% of the tonnage of steel produced
worldwide [24,25], but also in the modern TRIP/TWIP (Transformation Induced Plasticity/Twining
Induced Plasticity) steels with >20% Mn [26–30]. Other steels, such as stainless steels, also contain
important amounts of manganese [24,25]. Electrolytic manganese (99.9% Mn) is used in the production
of aluminum (as improves corrosion resistance) and copper (manganese bronzes are strengthened by
small additions of manganese) alloys, special grades of stainless steels and other special steels, and for
electronic applications [13]. Other non-metallurgical applications include potassium permanganate,
which is used in chemistry and medicine as a disinfectant agent [31], and, manganese dioxide in dry
cell batteries [32].

The treatment of these two by-products (anode manganese-lead waste and scrapings), but also
low-grade manganese ores and other by-products of the manganese industry, could be performed
following Jacobs patent [33], the inventor of the electrolytic process, by a combination of a
pyrometallurgical treatment, to reduce using carbon or hydrocarbides Mn (IV) (solid solution, s. s.) to
Mn (I I) (s. s.) compound, mainly MnO. Once it has been done, the material can be etched with strong
acids, like sulfuric acid water solution, below boiling temperature in a typical hydrometallurgical
process. Doing that, Mn (I I) (aq) is dissolved but also some other heavy metals (Zn, Cu, Ni,
Cd) that is necessary to eliminate. Finally, the electrolytic process could be carried out to obtain
electrolytic manganese.

The objective of this work is the production of electrolytic manganese from anode lodes and
scrapings obtained in the zinc electrolysis cells. The obtaining of other manganese products, such as
oxide of manganese (IV), oxide of manganese (II), or manganese sulphate would also be possible.

2. Materials, Methods, and Results

2.1. Manganese Residue

Treated residues/by-products were, as previously mentioned, anodic lodes and scrapings from
the zinc electrolysis process. First of all, the characterization of the anodic lodes and scrapings, which
are recovered from the zinc electrolysis cells as a single product, is carried out.

The chemical composition of the by-product (anodic lode and scrapings) is given in Table 1,
from which we can find that both manganese and lead are the most important elements. X-ray
fluorescence was used to analyze the by-product. X-ray fluorescence measurements were performed
with wavelength dispersive X-ray fluorescence (WDXRF) spectrometer (Axios, PANalytical, Faculty
of Materials Science and Ceramics, AGH University, Krakow, Poland) equipped with an Rh-anode
X-ray tube with maximum power 4 kW. The samples were measured in vacuum with 15–50 eV energy
resolution. For quantitative analysis of the spectra, the PANalytical standardless analysis package
Omnian was used. Manganese exists as MnO2, as shown in Equation (1), because it is the result of an
oxidation electrochemical reaction in the anode of the zinc electrolysis cell.

Table 1. Compositions of anodic lodes and scrapings from zinc electrolysis process. Determined by
X-ray fluorescence (mass %).

Mn (%) O (%) Pb (%) S (%) Ca (%) Si (%) Sr (%) Cd (%)

34.45 25.47 24.53 5.992 2.862 1.975 1.120 1.107

Zn (%) Al (%) K (%) Fe (%) Ag (%) Cl (%) Cu (%) Others (%)

0.9183 0.3871 0.2803 0.2604 0.2552 0.2064 0.1081 0.034
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As shown in Table 1, the residue is rich in manganese (>30% Mn). It could be considered as
a manganese source if compared with traditional manganese ore deposits (pyrolusite, 63.2% Mn;
braunite, 48.9–56.1% Mn; manganite, 62.5%; etc. [13]), near to the contents of manganese carbonates
(around 47.6% Mn, [13]). The main difficulty that makes unusable this residue is the high lead content
(Table 1). If this residue was briquetted and used in the production of ferroalloys, lead would be
volatilized at the temperatures of the furnace [11], and this question would be inadmissible since the
environmental point of view. In this way, hydrometallurgical processes are more suitable to treat this
residue/by-product, in order to separate lead from manganese, but mainly because the anodic lode
and scraps are very reactive facing to acids (such as dissolved H2SO4) similar to manganese carbonates
(manganese carbonates are susceptible to be used as neutralizing agents instead of the lime in the
proposed process). The amount of silver is also important, and for that reason these anodic lodes and
scrapings could be considered as a silver source.

2.2. Industrial Process

In our project we propose treating anodic lodes and scrapings from the zinc electrolysis.
It would be also possible to recover other raw materials/residues of manganese, classified in:
chemically refractories (difficultly lixiviated, such as slags, powders, or other residues coming from
the pyrometallurgy of manganese) and reactive (easily lixiviated, such as anodic lodes and scrapings
of the zinc electrolysis and manganese carbonates). We designed a process that we have divided into
four sub-processes (see Figure 1): acid leaching at low temperature (50 ◦C), acid leaching at high
temperature (150–200 ◦C), neutralization with CaO (s), and chemical purification and electrolysis
process. In this way, a conceptual design of plant was carried out while considering a production
of 1000 kg of Mn (metal) every day. Even when the objective is obtaining electrolytic manganese,
widely used in the production of aluminum and copper alloys, for special grades of stainless steel
and other special steels, and for electronic applications [13], the process described could be applied
for the obtaining of manganese sulphate, which could be sold as MnSO4 or used in the production of
manganese oxide (IV) and manganese oxide (II).

Figure 1. Process used for treating anodic lodes and scrapings from the zinc electrolysis process.
SA, exit of acid leaching at high temperature; SC, hot sulfated; RRAA, recycled residue of acid leaching;
A, high MnO2 source; SE, exit of electrolysis; EN, entrance to neutralization; RA, residue low MnO2;
RP, residue of the neutralization process; EE, entrance to electrolysis; and, PE, product of electrolysis.

The basic characteristics of the process for obtaining manganese aqueous solutions used in the
manufacture of electrolytic manganese are:

- aqueous medium of sulphate basis (SO4
2− (aq));

- proposal of combined leaching: pyrometallurgical (T < 300 ◦C) and hydrometallurgical
(T = 50 ◦C); and,
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- utilization of non-conventional raw materials-wastes: wastes with high Mn contents as those
coming from the zinc hydrometallurgy; powders and slags (of oxidized characteristics) generated
in the manganese pyrometallurgy; powders of metallic characteristics, which are generated in
the ferromanganese or silicomanganese production; and, other raw materials, which nowadays
are not considered by the manganese pyrometallurgic industry, with low grade of Mn and high
reactivity facing to the sulfuric acid, such are the manganese carbonates.

As it was previously mentioned, the proposed industrial process was divided into four stages or
sub-processes. We will describe each one of the stages separately, being each of them supported by
laboratory trials.

2.2.1. Sulphation at Low Temperature (50 ◦C)

The objective of this stage of the process is reducing MnO2 in presence of a reductant agent, SO2 (g)
(other reducing reagents have been used in treating manganese ores, such as oxalic acid, hydrogen
peroxide and glucose [15], cornstalk [16], phenols [17], cane molasses [19], CaS [20], carbon [23] or
waste tea [34]) and obtaining a solution of MnSO4 (aq) to be sent to the neutralization stage, and then
to electrolysis. The mixed leaching allows for recovering almost all of the manganese of the anodic
lodes and scrapings (95% is supposed in the calculations). The reactivity of the waste is exploited in
this stage as a kind of neutralization of the sulfuric acid coming from other stages, supported by the
utilization of SO2 as reductant reagent. The low manganese waste contains valuable elements, such as
lead and silver (see Table 2), coming from both the low and high temperature leaching processes.

The laboratory scale process begins with the drying of the lodes and scrapings in stove at 110 ◦C,
and homogenization of the by-product. It was then mixed with Na2SO3, H2SO4 and water to obtain a
solution containing manganese as sulphate and impurities, and leaving a solid product that contained
lead sulphate and impurities (Table 2). The presence of Na2SO3 (s) allows for the generation of SO2 (g)
that acts as reductant agent of the by-product.

Tests were carried out in a hastelloy reactor (Laboratorio de Metalurgia, Dpto. de Ciencia de los
Materiales e Ingeniería Metalúrgica, Universidad de Oviedo, Oviedo (Asturias), Spain) with different
entries, allowing the introduction of a thermocouple to control the temperature and the feeding of the
reagents. Besides, the reactor has an agitation system to homogenize and mix the different reagents.
As the reaction of decomposition of the Na2SO3 (s) to generate SO2 (g) is exothermic, the reactor is
insulated with refractory wool with the purpose of minimizing the heat loss (this heat is used to
make more favorable the process). In the proposed industrial process, the SO2 (g) can be supplied
directly as gas instead of using Na2SO3 (s) in the decomposition of H2SO4 (aq) to obtain SO2 (g) used
as reducing agent.

Table 2. Compositions of the filtration by-product (mass %). Determined by X-ray fluorescence.

Pb (%) O (%) S (%) Mn (%) Sr (%) Si (%) Ca (%) Zn (%)

55.48 23.03 9.743 3.553 3.546 1.129 0.995 0.6289

Ag (%) Al (%) Fe (%) Cl (%) Hg (%) K (%) Ba (%) Others (%)

0.6289 0.4730 0.2408 0.2164 0.1191 0.09077 0.08992 0.0682

Once the amounts of the different reagents previously mentioned were weighted, they were
loaded in the reactor. The feeding process had a sequence that was: with the reactor open the
Na2SO3 (s) was previously loaded with the manganese by-product and 2/3 of the water; the reactor is
then closed and the agitation system is connected (at low agitation speed, around 30 rpm), while the
H2SO4 (aq) is loaded into the vessel in small amounts; finally, 1/3 of the water is loaded into the reactor,
it is completely closed and from this moment and the process has a duration of 30 min. A thermocouple
was used to control the temperature, and it is observed that it was kept at 40–60 ◦C because of the
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exothermic reaction previously mentioned. Once the process finished, the solution is filtrated and
an aqueous solution of MnSO4 and a solid by-product, containing PbSO4 (lead sulphate is poorly
soluble in water) and other impurities, are obtained, being the solution analyzed by atomic absorption
spectroscopy to evaluate the amount of manganese in the solution. The by-product coming from the
filtration process was analyzed by using X-ray fluorescence and the results are shown in Table 2. Lead,
as well as manganese and zinc, appear in this by-product as sulphate. This by-product (RA in Figure 1)
contains significant amounts of lead and silver that could be treated with the purpose of recovering
both of them (see pages 378–404 in [9]), thus making the process much more economically profitable.

The amounts of reagent in this process at low temperature were calculated by means of the
following chemical reaction considering 15 g. of anodic lode as base of calculus:

Na2SO3(s) + MnO2(s) + H2SO4(aq) → MnSO4(aq) + Na2SO4(aq) + H2O(l) (2)

This reaction is thermodynamically favorable (ΔG0 < 0), according to the software HS5.1
(Outokumpu Research Oy, 5.11, Pori, Finland) even at room temperature. However, the real process
includes other reactions of importance like that one:

Na2SO3(aq) + H2SO4(aq) → Na2SO4(aq) + H2SO3(aq) (3)

As H2SO3 (aq) is unstable, it decomposes and:

H2SO3(aq) → SO2(g) + H2O(l) (4)

And the simplified reaction for the reduction of the MnO2 in the anodic lode is:

MnO2(s) + SO2(g) → MnSO4(aq) (5)

Being the SO2 (g) the reductant agent used in the process (see Equation (5)). For that reason,
when the amount of reductant agents was calculated (verifying the last equations) the amount of
water and lode were kept constant. In this way, anodic lode and scrapings were a constant value of
15 g. To evaluate the effect of milling two situations were considered after 30 s milling and after 90 s
milling (a finer granulometry will increase the leaching, but also a product with a more homogenous
granulometry is obtained as lodes and scrapings have different initial granulometries). The results are
shown in Tables 3 and 4.

Table 3. Low temperature process after 30 s milling.

Test Na2SO3 H2SO4 Mn Extraction (%)

Condition 1 25% defect 11% excess 10.11
Condition 2 15% defect 18.5% excess 29.03
Condition 3 Stoichiometric 30% excess 39.82
Condition 4 15% excess 55% excess 79.92

Table 4. Low temperature process after 90 s milling.

Test Na2SO3 H2SO4 Mn Extraction (%)

Condition 1 25% defect 11% excess 55.33
Condition 2 15% defect 18.5% excess 45.77
Condition 3 Stoichiometric 30% excess 71.04

It should be considered that the manual introduction of H2SO4 and the nearly simultaneous
generation of SO2 (g) cause the release of this gas, and consequently the loss of reducing gas. If the
supply of H2SO4 had carried out automatically, then the manganese extraction would be better.
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Moreover, the direct supply of SO2 (g) would also increase the manganese extraction. This is the reason
of a lower recovery in Condition 2 (in the industrial scale process the SO2 supply will be automatic).
It is also significant the improvement in the manganese extraction when the higher the milling, as the
lower the particle size the easier the chemical lixiviation as the surface is increased and the reactions
solid-gas became more favorable [11].

The residue obtained after filtering was analyzed by X-ray diffraction (PANalytical X’Pert Powder,
Servicios Científico-Técnicos, Universidad de Oviedo, Oviedo (Asturias), Spain) and the following
phases were obtained (see Figure 2, which is consistent with the information provided in Table 2):
anglesite (PbSO4) as the main phase, and sulphates of manganese and strontium. Lead is recovered
in the solid residue obtained after the filtration as lead sulphate. This lead sulphate could be used
in the manufacture of lead [9]. The presence of certain amount of manganese in the solid residue is
always unavoidable, as we did not reach a full extraction of manganese. Other impurities also end in
the solid residue as calcium, strontium, and potassium, but also silver. The presence of silver and lead
in the solid residue of filtration makes it economically interesting. The solution containing most of the
manganese (as MnSO4) should be purified before being used to produce electrolytic manganese.

Figure 2. X-ray diffraction pattern for the residue of filtration.

The acid leaching/sulphation at low temperature (50 ◦C, temperature reached because of the
exothermic reactions) is described in Figure 3 for the industrial scale process. The by-product/waste is
loaded in a reactor (A, high MnO2 source), where it is leached with SO2 (g) (like that proposed in a
laboratory scale but replacing Na2SO3 (s), used in the generation of SO2 (g), by using directly SO2 (g))
(see Equation (5)) and H2SO4 (aq) (see Equation (7)). MnO2 is reduced in presence of both SO2 (g) (20%
of the initial manganese, according to Equation (5)) and H2SO4 (aq) (10% of the initial according to
Equation (7)) from Mn (IV) to Mn (I I), and a solution of MnSO4 (aq) is obtained (a neutralization also
happens in this stage as H2SO4 (aq) is used in the lixiviation of the manganese source). The presence of
a reducing agent is always necessary for the complete extraction of the manganese, for instance, in the
process described by Sanchez-Recio and Sancho [23], they take advantage of the presence of carbon in
the powders used as manganese source [23]. The acid solution of MnSO4 (aq) is sent with the MnSO4

(aq) solution obtained in the acid leaching at high temperature (SC, hot sulfated) to neutralization
(EN, entrance to neutralization). 70% of the initial manganese is treated in the acid leaching at high
temperature (RRAA, recycled residue of acid leaching). The manganese source (anodic lodes and
scrapings) contains significant amounts of impurities (lead, strontium, silver, etc.) that leave the
process as a product, which we call RA (Residue low MnO2). Most of the impurities enter and leave
the process as sulphate so there are not H2SO4 (aq) losses, but ~3.5% Mn is lost in this residue that
leaves the process wet. Figure 3 describes the acid leaching at low temperature.
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Figure 3. Description of the acid leaching at low temperature (50 ◦C).

2.2.2. Sulphation at High Temperature (150–200 ◦C)

The high temperature leaching was also considered in our research project with the idea of
recovering all manganese from anodic lodes and scrapings by using a combination of high (70% of
the raw material) and low (30% of the raw material) temperature leaching processes. First of all,
a study of temperatures, where leaching with carbon and without carbon takes place, was carried out.
The reactions that were considered were:

MnO2(s) + C(s) + H2SO4(aq) → MnSO4(aq) + H2O(g) + CO(g) (6)

MnO2(s) + H2SO4(aq) → MnSO4(aq) + H2O(g) + 1/2O2(g) (7)

Tests were carried out in thermal balance and it was observed that all of the reactions take place
at temperatures below 250 ◦C, and for that reason experiments were carried out at temperatures of 200
and 225 ◦C. Other authors worked at higher temperatures [22], but as observed in the thermal analysis,
it is not necessary. We have as other variables: milling, the presence of reducing agents and time.

The procedure was: samples were mixed in crucibles (H2SO4 was added with 33% excess with the
purpose of facilitating the extraction of manganese as sulphate) and then loaded into the furnace. After
that, the samples were heated up to the reaction temperature slowly, and then held at that temperature
for the considered time (45 or 60 min). With the purpose of facilitating the removal of the sample from
the crucible, crucibles were removed at 100 ◦C and the product was filtered in presence of water, being
the solution analyzed by atomic absorption spectroscopy in order to know the extraction of manganese.
The extraction of manganese depending on the conditions is shown in Tables 5–7. As in the low
temperature leaching, milling increases the extraction of manganese. Extractions would improve with
a better control of the furnace temperature avoiding the risks of sulfuric acid evaporation (not pure
sulfuric acid was used).

Table 5. Test carried out at 200 ◦C for 45 min.

Test Mn Extraction (%)

After milling 90 s with C 85.55
Without milling with C 63.01

After milling 90 s without C 46.11
Without milling without C 33.81
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Table 6. Test carried out at 200 ◦C for 60 min.

Test Mn Extraction (%)

After milling 90 s with C 55.23
Without milling with C 58.30

After milling 90 s without C 38.90
Without milling without C 33.70

Table 7. Test carried out at 225 ◦C for 45 min.

Test Mn Extraction (%)

After milling 90 s with C 68.60
Without milling with C 66.10

After milling 90 s without C 42.80
Without milling without C 33.70

It is observed that increasing the time does not improve the extraction, the same as increasing the
temperature. In thermal analysis, it was observed that reactions took place at 200 ◦C. As happened
in low temperature leaching, there were two products after the process: the solid residue containing
lead sulphate and other impurities, and the solution containing manganese as MnSO4 to be used in
the production of electrolytic manganese (water was added to put MnSO4 in solution, while PbSO4

remained as solid residue because lead sulphate is poorly soluble in water).
The acid leaching at high temperature is described in Figure 4 for the industrial scale proposed

process. The process would be like that described in Equation (7), but when considering the industrial
scale. It is necessary to supply water and sulfuric acid in this stage to obtain the solution of manganese
sulphate. 70% of the initial manganese is lixiviated in this stage by following the reaction presented
in the Equation (7). A MnSO4 (aq) solution is sent with the MnSO4 (aq) solution obtained in the low
temperature lixiviation to the neutralization process. The residue containing lead, silver, strontium,
etc., leaves the process as RA in Figure 1.

Figure 4. Description of the acid leaching at temperatures <300 ◦C.

2.2.3. Neutralization with CaO

The objective of the neutralization, apart from the purification of the solution from the elements
that could compete with manganese in the electrolytic process, is changing the pH from the acid of the
previous stage to the almost neutral that is required in the entrance of the electrolysis process.

Free acidity (pH < 1) is assumed at the entrance of the neutralization process (EN), while at the
end of the neutralization pH = 6 is considered (~0 kg free H2SO4) (EE). The neutralization process is
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described in Figure 5. As neutralizing agent, CaO (s) is used, leaving a residue containing CaSO4 (s)
hydrated and most of the impurities (Zn, Co, Cu and Ni) (RP) that could make impure the solution used
in the obtaining of manganese by electrolysis. Lime (CaO) is proposed in Figure 5 as neutralizing agent,
however, manganese carbonates and even lodes could be used as neutralizing agents. The MnSO4 (aq)
solution that is enriched in Mn (50 g Mn/kg H2O) is sent to electrolysis. Part of the water would be
recirculated in the process.

Figure 5. Description of the neutralization stage.

2.2.4. Chemical Purification. Electrolytic Process

The electrolysis process is the final stage for obtaining electrolytic manganese. However,
depending on the market conditions, it could be interesting the production of oxide of manganese (IV),
oxide of manganese (II), or manganese sulphate, and, for that reason, this stage is optional. Anyway,
the process is described in Figure 6.

Figure 6. Manganese electrolytic process.

The reactions involved in the electrolysis process are:

Catodic reaction : Mn2+(aq) + 2e− → Mn (s)

Anodic reaction : H2O(l)− 2e− → 1/2O2(g) + 2H+(aq)

Global reaction : Mn2+(aq) + H2O(l) → 2H+(aq) + 1/2O2(g) + Mn(s)
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The result of the process is electrolytic manganese (Figure 7), although other products are obtained
as it is possible to see in the previous equations (H2SO4, H2O, and O2). H2SO4 and H2O are sent
back to the previous stages of lixiviation (SE), the same as the poor liquor (25 g Mn/kg H2O) (see
Figure 6) (SE). Manganese deposits on the surface of the cathode as flakes with small amounts of
manganese dioxide on the anode (see Figure 7) acting as catalyst [35]. The deposited manganese
plate is then removed from the cathode surface by mechanical means, and is prepared to be sold,
obtaining manganese qualities of 99.9%. Conditions for the electrolysis process are deeply described
by Sánchez-Recio and Sancho [23].

Figure 7. Electrolytic manganese flakes.

As previously mentioned, several metals are separated in previous stages, for instance, the waste
identified as RA in Figure 1 contains most of the lead and the silver present in the initial waste (this
residue could be treated with the purpose of recovering both lead and silver). However, certain
undesirable metals remain in the solution, and as a consequence, it should be purified before the
electrolysis process. The first stage is based on separating several impurities by pH control following
the Pourbaix diagrams (potential-pH) keeping the manganese in solution. Iron and aluminum, as
well as other less problematic contaminants (such as cobalt and nickel), are removed during this stage.
The pH is increased by adding lime to the pulp while it is stirred. The precipitate containing the
impurities is separated by filtration. Finally the solution is passed through an active carbon filter.

The second stage of purification is applied to contaminants that cannot be removed by pH control.
In this group of contaminants are included those that are nobler than manganese, being the most
important the zinc. The removal is achieved by their precipitation as sulphide at slightly acid pH
(see that pH at the end of the neutralization process is slightly acid). The problem is the formation of
manganese sulphide and for that reason the precipitation requires a sufficient residence time allowing
for the manganese sulphide to redissolve, but avoiding the re-dissolution of the other impurities that
we wanted to remove.

The introduction in special electrolysis tanks (diaphragm cells, anolyte and catholyte are separated
by a membrane) of the purified liquor requires a pH almost neutral and for that reason is conditioned
by addition of a base. Finally, the pulp with a manganese concentration of around 30–50 g Mn/L
is passed through a crystallizer, where calcium and magnesium are removed as ammonium salts.
Ammonium sulphate and hydroxylamine sulphate are added as manganese stabilizer and buffering
agent, and antioxidant, respectively. Electrolysis process is carried out in a diaphragm cells with
separated anolyte and catholyte. The consumed electrolyte is then recirculated to the process.
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The metallic manganese is deposited on the surface of the cathode in the form of flakes (99.9% Mn;
0.015% C; 0.05% S; 0.002% P; 0.001% Ti; 0.004% Mg; 0.006% Fe; 0.004% K; 0.002% Si; 0.003% Ca; 0.004%
Zn; 0.001% Cu; 0.002% Co; 0.004% Ni), which is then removed by mechanical means (manganese oxide
deposited in the anode acts a catalyst for the desired anodic reaction [35]).

2.2.5. Mass Balance of the Process

The process that was described in previous pages was summarized in Figure 1. The objective of
the process is the obtaining of electrolytic manganese, as shown in Figure 7, from a high manganese
source (now considered a waste), such are the anode lodes and scrapings (it could be also applied to
other wastes containing high manganese). The amounts of reagents, sub-products, and raw materials
are calculated considering 1000 kg of electrolytic manganese at the end of the process produced every
day, and the results are supported by the laboratory tests. These amounts are summarized in Table 8,
considering an efficiency of the 95% in the recovery of manganese.

Table 8. Summary of the amounts of reagents, raw materials and sub-products involved in the
industrial process (1000 kg of electrolytic manganese, daily).

Raw Materials

High Mn source: MnO2 waste (~35.5% Mn; ~10% H2O; others (Pb, Sr, etc.), ~50%) (kg) 3526.6

Reagents

H2SO4 (kg) 643.7
H2O (kg) 8159.4
SO2 (kg) 232.8
CaO (kg) 571.4

Sub-Products

Residue low MnO2 (~3.5% Mn; ~16.5% H2O; balance others (Pb, Ag, etc.)) (kg) 2038.7
Residue of neutralization (H2O + CaSO4 + H2SO4) (kg) 9571.5

Gases (O2 (kg)) 523.6

Final Product

Electrolytic Mn (kg) 1000

3. Discussion

In this paper, we proposed a mixed leaching (low temperature and high temperature) to treat
anodic lodes and scrapings from the zinc electrolysis process. The objective of the mixed leaching is
taking advantage of the reactivity of the lodes and scrapings facing to sulfuric acid and SO2 in solid
solution (low temperature leaching; partial neutralization of the acidity) and achieve a complete the
extraction of the manganese by using H2SO4 at high temperature. Even when in the paper, the process
could seem divided into four stages independents; in fact, the proposed process would operate in a
continuous way. As we see from Section 2.2.2., Sulphation at high temperature, manganese is lixiviated
in presence of sulfuric acid without any kind of reducing agent at temperatures of around 200 ◦C,
while from Section 2.2.1., Sulphation at low temperature, we see that manganese extraction is better
than in the other case at room temperature (temperature will rise to nearly 50 ◦C as a consequence of
the exothermic behavior of reaction [2]). We also see from the studies of lixiviation at high temperature
that the addition of a reducing agent improves the manganese extraction, the same as the milling
(the finer the granulometry the higher the manganese extraction). Manganese extractions are more or
less two times higher in the presence of carbon or SO2 than those that wer obtained without any kind
of reducing agent. For that reason, a combined leaching allows for reaching efficiencies of around 95%
in manganese extraction. Better experimental procedure (control of the temperature in the furnace and
supply of SO2) would have improved the manganese extractions that are shown in the tables.
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Under the premise of a double leaching, a proposal for industrial upscaling was presented for the
treatment of anodic lodes and scraping from the zinc electrolysis (this process could be applied in the
treatment of other wastes/raw materials, as described in the Section 2.2). Even when the calculations
of the main raw materials consumed in the process (water, sulfuric acid, residue and lime) were carried
out under the objective of obtaining 1000 kg of electrolytic manganese with recirculation of the sulfuric
acid that is generated in the electrolysis, it could be applied in the obtaining of manganese oxide (II),
manganese oxide (IV), or manganese sulphate, depending on the market and economic conditions (for
instance, high price of the electricity or strong demand of the each one of the manganese products).
In that case, the process could be stopped after the mixed leaching (sulfuric acid supply would be
increased). The obtaining of manganese oxides (II) and (IV) would be carried out through the following
chemical reactions. First of all, manganese is precipitated by using ammonia (NH3 + H2O → NH4OH ):

MnSO4 (aq) + 2NH4OH(aq) → Mn(OH)2(s) + (NH4)2SO4(aq)

Ammonium sulphate could be recycled by adding lime (NH3), and manganese hydroxide (II) is
obtained. Manganese hydroxide (II) could be roasted, and manganese oxide (II) would be obtained:

Mn(OH)2(s) → MnO(s) + H2O (8)

And finally, manganese oxide (II) could be oxidized to obtain manganese oxide (IV):

MnO(s) + O2(g) → MnO2(s) (9)

Aluminothermy of the manganese oxides could be performed with the purpose of obtaining
metallic manganese (with lower quality than that obtained through the electrolysis process), but that
could be used in the aluminum industry.

The treatment of the anodic lodes and scraping would mean for zinc plants an improvement in
the competitiveness as the current practice with this material is disposing it in controlled areas with
increasing costs. The treatment of this residue implies finishing with the costs of disposing the waste,
but it also implies an economic value for the factories, as they will produce a valuable material that
could be sold in a market with a strong demand of manganese coming from the steel and aluminum
metallurgies. The versatility of the process would allow adapting to the market requirements.

4. Conclusions

Solid residues coming from metallurgical industries are being considered secondary sources of
metals in a context of depletion of rich ores and environmental protection awareness. In this way,
zinc production by electrowinning produces a waste/by-product of great interest, especially for the
manganese industry, known as anodic lodes and scrapings. The interest of this waste/by-product
comes from its high manganese content (>30%), and by means of the process that is described in this
paper, electrolytic manganese could be obtained. Electrolytic manganese has interest in the aluminum
industry (as it provides resistance and ductility to the alloys), in the steel industry (as desulphurizing
and fine alloying agent for high performance stainless steels and HSLA (High Strength Low Alloy)
steels), in copper and nickel alloys industry and other applications including the production of
manganite or zinc-manganese ferrites.

The process described in this paper includes a mixed leaching at low temperature and high
temperature, allowing for an optimization of costs and operating conditions (taking advantage of
the lodes and scrapings would: reduce costs of storage for this waste; produce an economic impact
derived from the sale of the manganese compound (metal, oxide, or sulphate) and the high lead
and silver residue; and, optimize the zinc production process as less invaluable products would be
generated) for zinc plants. In this way, low temperature lixiviation is supported by the addition of
SO2 (g) directly or through Na2SO3 (s) (used in the generation of SO2 (g) as described in the paper),
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while high temperature lixiviation is based on the lixiviation achieved with H2SO4 at 150–250 ◦C, as
described in the thermal analysis. The combination of both processes allows reaching the almost full
leaching of the waste/by-product proposed.

The described process would have special interest for zinc factories, as they are the generators
of anodic lodes and scrapings, but also because they produce H2SO4 that is used as a sulphation
agent. They would also avoid the cost and dangers of storing this residue in specially prepared places.
Economically, the profitability of the process depends on the capacity of the plant, the amortization
costs, the electricity price, and electrolytic manganese price.

The described process is considered for anodic lodes and scraping obtained during the zinc
electrolysis process, but it could be applied to other wastes/raw materials that we classified
in: chemically refractories (low reactivity, slags, powders or other residues coming from the
pyrometallurgy of manganese) and reactive (high reactivity, anodic lodes, and scrapings of the zinc
electrolysis and manganese carbonates ores). The same as for the raw materials we could talk for the
final products, as it would be possible to obtain manganese oxides (MnO and MnO2) and manganese
sulphate (MnSO4).

Acknowledgments: The authors want to thank the advices and help of José Pedro Sancho Martínez during the
research. We could not forget the valuable information provided by María Teresa Suárez Rodríguez. We thank
Juan Carlos Sánchez Recio and Alberto Fuentes for their cooperation during the research. Finally, we want to
thank Janusz Prazuch of the AGH University for his help during the research. The research was also supported by
the Spanish Ministry of Education, Culture, and Sports via an FPU (Formación del Profesorado Universitario)
grant to Daniel Fernández González (FPU014/02436).

Author Contributions: Luis Felipe Verdeja and José Sancho-Gorostiaga designed the work and supervised the
experiments. Daniel Fernández-González performed the tests and wrote the manuscript. Juan Piñuela Noval
helped in the revision of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Verdeja, L.F.; Sancho, J.P.; Ballester, A.; González, R. Refractory and Ceramic Materials, 1st ed.; Editorial Síntesis:
Madrid, Spain, 2014; ISBN 9788490775837.

2. Fernández-González, D.; Ruiz-Bustinza, I.; Mochón, J.; González-Gasca, C.; Verdeja, L.F. Iron ore sintering:
Raw materials and granulation. Miner. Process. Extr. Metall. Rev. 2017, 38, 36–46. [CrossRef]

3. Fernández-González, D.; Ruiz-Bustinza, I.; Mochón, J.; González-Gasca, C.; Verdeja, L.F. Iron ore sintering:
Process. Miner. Process. Extr. Metall. Rev. 2017, 38, 215–227. [CrossRef]

4. Fernández-González, D.; Ruiz-Bustinza, I.; Mochón, J.; González-Gasca, C.; Verdeja, L.F. Iron ore sintering:
Quality indices. Miner. Process. Extr. Metall. Rev. 2017, 38, 254–264. [CrossRef]

5. Fernández-González, D.; Ruiz-Bustinza, I.; Mochón, J.; González-Gasca, C.; Verdeja, L.F. Iron ore sintering:
Environment, automatic and control techniques. Miner. Process. Extr. Metall. Rev. 2017, 38, 238–249.
[CrossRef]

6. Fernández-González, D.; Martín-Duarte, R.; Ruiz-Bustinza, I.; Mochón, J.; González-Gasca, C.; Verdeja, L.F.
Optimization of sínter plant operating conditions using advanced multivariate statistics: Intelligent data
processing. JOM-J. Miner. Met. Mater. Soc. 2016, 68, 2089–2095. [CrossRef]

7. Ordiales, M.; Iglesias, J.; Fernández-González, D.; Sancho-Gorostiaga, J.; Fuentes, A.; Verdeja, L.F. Cold
agglomeration of Ultrafine Oxidized Dust (UOD) from ferromanganese and silicomanganese industrial
process. Metals 2016, 6, 203. [CrossRef]

8. Chandra, N.; Amritphale, S.S.; Pal, D. Recovery of manganese and lead values from zinc industry anode
mud. J. Solid Waste Technol. Manag. 2010, 36, 116–125.

9. Sancho, J.P.; Verdeja, L.F.; Ballester, A. Metalurgia Extractiva: Procesos de Obtención, 1st ed.; Editorial Síntesis:
Madrid, Spain, 2008; Volumen II, pp. 319–375; ISBN 84-7738-803-2.

300



Metals 2018, 8, 162

10. Bateman, A.M. Geology of zinc deposits. In Zinc the Science and Technology of the Metal, Its Alloys and
Compounds, 1st ed.; Mathewson, C.H., Ed.; Reinhold Publishing Corporation: New York, NY, USA, 1959;
pp. 36–37.

11. Ballester, A.; Verdeja, L.F.; Sancho, J. Metalurgia Extractiva. Fundamentos, 1st ed.; Editorial Síntesis: Madrid,
Spain, 2000; ISBN 84-7738-802-4.

12. Zhang, W.; Cheng, Z. Manganese metallurgy review. Part I: Leaching of ores/secondary materials and
recovery of electrolytic/chemical manganese dioxide. Hydrometallurgy 2007, 89, 137–159. [CrossRef]

13. Olsen, S.E.; Tangstad, M.; Lindstad, T. Production of Manganese Ferroalloys, 1st ed.; Tapir Academic Press:
Trondheim, Norway, 2007; ISBN 978-82-519-2191-6.

14. Lu, J.; Dreisinger, D.; Glück, T. Electrolytic manganese metal production from manganese carbonate
precipitate. Hydrometallurgy 2016, 161, 45–53. [CrossRef]

15. Ghafarizadeh, B.; Raschchi, F.; Vahidi, E. Recovery of manganese from electric arc furnace dust of
ferromanganese production units by reductive leaching. Miner. Eng. 2011, 24, 174–176. [CrossRef]

16. Cheng, Z.; Zhu, G.; Zhao, Y. Study in reduction-roast leaching manganese from low-grade manganese
dioxide ores using cornstalk as reductant. Hydrometallurgy 2009, 96, 176–179. [CrossRef]

17. Zhang, Y.; Liu, Q.; Sun, C. Sulfuric acid leaching of ocean manganese nodules using phenols as reducing
agents. Miner. Eng. 2001, 14, 525–537. [CrossRef]

18. Zhang, Y.; You, Z.; Li, G.; Jiang, T. Manganese extraction by sulfur-based reduction roasting-acid leaching
from low-grade manganese oxide ores. Hydrometallurgy 2013, 133, 126–132. [CrossRef]

19. Su, H.; Wen, Y.; Wang, F.; Sun, Y.; Tong, Z. Reductive leaching of manganese from low-grade manganese ore
in H2SO4 using cane molasses as reductant. Hydrometallurgy 2008, 93, 136–139. [CrossRef]

20. Li, C.; Zhong, H.; Wang, S.; Xue, J.; Wu, F.; Zhang, Z. Manganese extraction by reduction-acid leaching from
low grade manganese oxide ores using CaS as reductant. Trans. Nonferrous Met. Soc. 2015, 25, 1677–1684.
[CrossRef]

21. Buzatu, M.; Saceanu, S.; Petrescu, M.I.; Ghica, G.V.; Buzatu, T. Recovery of zinc and manganese from spent
batteries by reductive leaching in acidic media. J. Power Sources 2014, 247, 612–617. [CrossRef]

22. Ayala, J.; Fernández, B. Reuse of anode slime generated by the zinc industry to obtain a liquor for
manufacturing electrolytic manganese. JOM-J. Miner. Met. Mater. Soc. 2013, 65, 1007–1014. [CrossRef]

23. Sanchez-Recio, J.C.; Sancho, J. Method of Obtaining Electrolytic Manganese from Ferroalloy Production
Waste. U.S. Patent 8,911,611 B2, 4 December 2014.

24. Pero-Sanz, J.A. Aceros Metalurgia Física, Selección y Diseño, 1st ed.; Editorial CIE Dossat: Madrid, Spain, 2004;
ISBN 84-89656-54-1.

25. Pero-Sanz, J.A.; Quintana, M.J.; Verdeja, L.F. Solidification and Solid-State Transformations of Metals and Alloys,
1st ed.; Elsevier: Amsterdam, The Netherlands, 2017; pp. 255–324; ISBN 978-0-12-812607-3.

26. Grässel, O.; Krüger, L.; Frommeyer, G.; Meyer, L.W. High strength Fe-Mn-(Al, Si) TRIP/TWIP steels
development—Properties—Application. Int. J. Plast. 2000, 16, 1391–1409. [CrossRef]

27. Frommeyer, G.; Brüx, U.; Neuman, P. Supra-Ductile and High-Strength Manganese-TRIP/TWIP Steels for
High Energy Absorption Purposes. ISIJ Int. 2003, 43, 436–446. [CrossRef]

28. Yang, P.; Xie, Q.; Meng, L.; Ding, H.; Tang, Z. Dependence of deformation twinning on grain orientation in a
high manganese steel. Scr. Mater. 2006, 55, 629–631. [CrossRef]

29. Sipos, K.; Remy, L.; Pineau, A. Influence of austenite predeformation on mechanical properties and
strain-induced martensitic transformations of a high manganese steel. Metall. Mater. Trans. A 1976, 7, 857–864.
[CrossRef]

30. Ueji, R.; Tsuchida, N.; Terada, D.; Tsuji, N.; Tanaka, Y.; Takemura, A.; Kunishige, K. Tensile properties and
twinning behavior of high manganese austenitic steel with fine-grained structure. Scr. Mater. 2008, 59,
963–966. [CrossRef]

31. Ordiales, M.; Fernández, D.; Verdeja, L.F.; Sancho, J. Potassium permanganate as an alternative for gold
mining wastewater treatment. JOM-J. Miner. Met. Mater. Soc. 2015, 67, 1975–1985. [CrossRef]

32. Compton, T.R. Battery Reference Book, 3rd ed.; Newnes Reed Educational and Professional Publishing Ltd.:
Oxford, UK, 2000; ISBN 978-0-7506-4625-3.

301



Metals 2018, 8, 162

33. Carosella, M.C.; Culbertson, J.B.; Jacobs, J.H. Electrolytic Manganese. U.S. Patent 2,805,195 A, 3 September 1957.
34. Tang, Q.; Zhong, H.; Wang, S.; Li, J.; Liu, G. Reductive leaching of manganese oxide ores using waste tea as

reductant in sulfuric acid solution. Trans. Nonferrous Met. Soc. 2014, 24, 861–867. [CrossRef]
35. Wiechen, M.; Berends, H.-M.; Kurz, P. Water oxidation catalyzed by manganese compounds: From complexes

to “biomimetic rocks”. Dalton Trans. 2012, 41, 21–31. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

302



metals

Review

Refining Principles and Technical Methodologies to
Produce Ultra-Pure Magnesium for
High-Tech Applications

Seifeldin R. Mohamed †, Semiramis Friedrich *,† and Bernd Friedrich

IME Institute of Process Metallurgy and Metal Recycling, RWTH Aachen University, 52056 Aachen, Germany;
sraslan@ime-aachen.de (S.R.M.); bfriedrich@ime-aachen.de (B.F.)
* Correspondence: SFriedrich@ime-aachen.de; Tel.: +49-241-80-95977
† These authors contributed equally to this work.

Received: 23 November 2018; Accepted: 10 January 2019; Published: 15 January 2019

Abstract: During the last decade, magnesium-based medical implants have become the focal point of a
large number of scientific studies due to their perceived favorable properties. Implants manufactured
from magnesium alloys are not only biocompatible and biodegradable, but they are also the answer
to problems associated with other materials like stress shielding (Ti alloys) and low mechanical
stability (polymers). Magnesium has also been a metal of interest in another field. By offering
superior technical and economic features in comparison to lithium, it has received significant
attention in recent years as a potential battery anode alternative. Natural abundancy, low cost,
environmental friendliness, large volumetric capacity, and enhanced operational safety are among the
reasons that magnesium anodes are the next breakthrough in battery development. Unfortunately,
commercial production of such implants and primary and secondary cells has been hindered due
to magnesium’s low corrosion resistance. Corrosion investigations have shown that this inferior
quality is a direct result of the presence of certain impurities in metallic magnesium such as iron,
copper, cobalt, and nickel, even at the lowest levels of concentration. Magnesium’s sensitivity to
corrosion is an obstacle for its usage not only in biomedical implants and batteries, but also in the
automotive/aerospace industries. Therefore, investigations focusing on magnesium refinement
with the goal of producing high and ultra-high purity magnesium suitable for such demanding
applications are imperative. In this paper, vacuum distillation fundamentals and techniques are
thoroughly reviewed as the main refining principles for magnesium.

Keywords: magnesium; refining; recycling; ultra-high purity; vacuum distillation; condensation

1. Introduction

In today’s high-tech, application-oriented world, the demand for materials with superior quality
suiting these applications is on the rise. Moreover, such materials should also be resource-saving
and environmentally friendly. That is the reason for the recent significantly growing attention to
magnesium, the lightest of the structural metals. Magnesium’s extremely low density in comparison
to iron and even aluminum results in lower energy consumption, which has made it attractive for
automotive and aerospace industries in the last few decades. Not only this, but its high thermal
and electrical conductivity, high alkaline resistivity, dimensional stability in electronic housing, as
well as the machinability and formability of magnesium also make it a favorable metal for various
applications [1,2].

Typically, magnesium is found in the Earth’s crust in the form of dolomite (CaCO3·MgCO3),
magnesite (MgCO3), and magnesium oxide (MgO), among others. Regarding liquid resources,
magnesium is usually found in form of carnallite (KCl·MgCl2·6H2O) and bischofite (MgCl2·6H2O) [3].
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For primary magnesium production there are two routes: electrolytic or thermal processing. USA,
Canada, and some EU countries have dominated magnesium production from the 1970s to the 1990s,
using electrolytic methods such as the Dow process. However, since the start of the 21st century,
the growth in Chinese magnesium production capacity has led to the almost complete decline of
western magnesium and the electrolytic route. China’s adoption of the Pidgeon process (thermal route)
enabled it to be the world’s biggest producer, due to the relative easiness, versatility, and reduced
capital cost of this process. Despite these great advantages, the Pidgeon process consumes a significant
amount of energy, requires high labor costs, and suffers from low productivity (a batch process):
aspects that make this process unfeasible to utilize in any other country [4]. The Pidgeon and the Dow
processes are not the only examples of their respective processing routes. Processes like Magnetherm
and Mintek have also emerged over the years as substitutes for the Pidgeon process.

It should be noted that all of these processes are primary processes to extract magnesium from
its various ores and are not appropriate for extreme refining/purification purposes, as they are only
capable of producing metallurgical grade pure Mg. Typically, electrolytic processes can produce Mg
with 99.8% purity [4]. Even to this day, US Magnesium LLC (one of the few remaining magnesium
producers using the electrolytic route) offers its pure magnesium in this grade. Regarding thermal
processes, they can also produce comparable Mg purities; 99.97%, 99.93%, and 99.02% by the Pidgeon,
Magnetherm, and Mintek processes respectively, with these figures obtained by considering only the
main impurities (Al, Si, Ca, and Fe) [4,5]. The magnesium produced by such processes is classified as
‘pure’ by the ASTM, as they use this term for Mg with purities between 99.8% and 99.98% (3N) [6].
This level of purity is typically enough when talking about most conventional industrial applications
of magnesium, as shown with their consumption rates in Figure 1 [7].
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Figure 1. Global consumption of major Mg applications in 2012 (in %).

However, a quite trendy application of magnesium is Mg-based implants, which has recently
become one of the most researched areas in the world of magnesium, and for which the commercial
purity grade is not sufficient. For almost a decade, magnesium alloys were and still are under
extensive investigation to test their feasibility as a superior replacement for titanium alloys and
polymer-based implants. Magnesium alloys solve the problems associated with the other materials like
stress shielding and mechanical stability for titanium and polymer based implants respectively [8,9].
Moreover, magnesium has antibacterial properties, is biocompatible and biodegradable, and eliminates
the need for further surgical intervention to remove the implant after healing [10–12].
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Last but not least, another trendy application of magnesium in recent years is magnesium-based
anodes in batteries. Since magnesium is an abundant, light, environmentally friendly metal and
it is significantly cheaper than lithium, it is a highly feasible alternative for lithium. Additionally,
it eliminates the toxic effects related to discarding or recycling of lithium batteries [13]. Moreover,
magnesium possesses almost double the volumetric energy density of lithium, and offers improved
operational safety due to the lack of non-dendritic deposition and lower air sensitivity [14].

For these sorts of high-tech applications, magnesium purity must be upgraded to high (4N) and
ultra-high (5N or more) purity graded Mg [15,16], because their development is hindered by the
weak corrosion resistance of magnesium. Extensive research has found that magnesium corrosion
is extremely sensitive to impurity elements such as iron, nickel, copper, and cobalt at even ppm
levels, as illustrated in Figure 2 [17]. These impurities generally tend to be highly cathodic in a Mg
matrix, thus forming micro-galvanic cells that result in severe corrosion [18]. In the case of biomedical
applications, this corrosion behavior compromises the mechanical integrity of the implant and shortens
its estimated service life [19]. An optimum corrosion rate accompanied by a symmetric laminar
degradation can be achieved by using high purity magnesium [20]. Even after achieving tolerable
levels of the above mentioned hazardous impurity elements to control corrosion, their toxic effect
is another matter that drastically decreases the permissible limit [21]. When it comes to batteries,
the corrosion of the anode is undesired as it results in the formation of a passive layer that blocks the
electrode, which leads to a decrease in efficiency and unstable anodic dissolution, as well as a decrease
in the output voltage [22].

Figure 2. High purity Mg vs. low purity Mg corrosion rates.

The focus of this paper is to introduce the most important magnesium refining processes used
to achieve high and ultra-high purity magnesium, with the aim of giving an extensive overview on
the principles and the devised techniques and setups. Various methodologies have been investigated
over the years to test their feasibility in producing ultra-high purity ‘XHP’ magnesium, such as
electro-refining by using fluorides, chlorides, or oxides as the electrolytes. Impurity precipitation was
also investigated as a potential methodology for this task. Electro-refining was distinguished to be a
complex trial with high energy consumption and large operation costs, while impurity precipitation has
not been successful in effectively and economically producing XHP magnesium. Therefore, vacuum
distillation is still the only reliable and cost-effective process for this purpose [15,23]. Before introducing
different methodologies based on vacuum distillation, the fundamentals of this principle will be briefly
explained in the following section.
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2. Fundamentals of Vacuum Distillation

Vacuum distillation offers several advantages when it comes to purification of metals. Besides
reliable prevention of any contact to atmosphere, dramatic evaporation and sublimation rates at
much lower temperatures can be achieved in a vacuum in comparison to the normal atmospheric
or inert conditions. This, of course, decreases the reaction time, energy consumption, and operation
cost, hence increasing the overall profitability of the process. Furthermore, vacuum distillation is
environmentally friendly, as it hinders the formation of exhaust gases, waste water, or slags [24,25].

Distillation in general is based on the fact that different chemical substances (elements or
compounds) have different boiling points, hence different vapor pressures. It means that upon heating
any given feed material, the more volatile substances evaporate, leaving the less or non-volatile
substances in the initial container. It is a fact that each substance has a certain vapor pressure at any
given temperature (the only variable), independent of the mass or the volume of that substance [26,27].
In order to represent the vapor pressures of materials depending on their temperature, the following
equation is used [28]:

log p∗ = AT−1 + BlogT + CT + D (1)

where p* is the saturated vapor pressure of pure substances (Pa) and T is the absolute temperature
(K). Regarding A, B, C, and D, they are evaporation constants for different elements, for which the
exemplary values are shown in Table 1.

Table 1. Values of evaporation constants for Mg and its typical impurities [28].

Element A B C D Temperature Range (K)

Ca −9350 −1.39 0 14.94 298–1112
Cu −17770 −0.86 0 14.42 298–1356
Fe −21080 −2.14 0 19.02 298–1809
Mg −7780 −0.855 0 13.54 298–923
Mg −7550 −1.41 0 14.915 923–1363
Mn −14920 −1.96 0 18.32 298–1517
Pb −10130 −0.985 0 13.28 600–2013
Zn −6620 −1.255 0 14.465 692–1773

By solving Equation (1) with the evaporation constants mentioned in Table 1, the vapor pressures
of these impurities (among others) can be compared to that of Mg. Preliminary results indicate the
feasibility of the distillation process, as illustrated in Figure 3, where all common magnesium impurities
except zinc have a lower vapor pressure than magnesium [28]. Therefore, in a magnesium vacuum
distillation process, most of the impurities will be expected to stay in the crucible as residue, while Mg
and Zn will be collected on a condensing surface.
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Figure 3. The variation of log p* versus temperature for Mg and selected impurities.

It should be noted that the vapor pressure of pure substances is only a preliminary indicator as to
the feasibility of the separation process; therefore, a more accurate parameter is devised to show the
extent of separation between an impurity element and liquid magnesium. That parameter is the so
called separation coefficient (β), which depends on the vapor pressures of both investigated elements
as well as their activity coefficients (γ). The separation factor of an exemplary impurity element (i) is
to be calculated as shown in Equation (2) [23,29,30].

βi =
γi

γMg
.

p∗i
p∗Mg

(2)

where γMg is taken approximately as unity (due to the almost pure raw Mg). Obtaining (γi) is the
main challenge, because it varies with the temperature of the system and the initial concentration
of each impurity. In order to theoretically predict the activity coefficients, the molecular interaction
volume model (MIVM) was developed on the basis of statistical thermodynamics [31]. Various studies
have used this model to explain the behavior of impurity elements in Pb- and Sn-based alloys during
vacuum distillation, reporting comparable results to their experimental trials, hence proving the
feasibility of this model for vacuum distillation [32–34].

Another approach to calculate the separation coefficients is the use of an empirical formula
Equation (3) to obtain the evaporation coefficient (αi) [30].

yi = 100 − 100(1 − xi
100

)
αi

(3)
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where xi and yi are the evaporated wt. % from the main metal and an impurity respectively, calculated
from the results of the process. The obtained evaporation coefficient is then substituted into Equation (4)
to calculate the separation factor [30].

βi = αi

√
Mi

MMg
(4)

where Mi and MMg are the molar masses of the investigated impurity and magnesium, respectively.
The farther the separation coefficient is from unity, the better the separation between the given impurity
and magnesium or vice versa. Table 2 shows the calculated coefficients of some impurities at various
temperatures and their (with the exception of zinc) easy separation possibility from magnesium.
In this trial-dependent model, the calculated separation coefficient is then used to calculate the activity
coefficient of the corresponding impurity through Equation (2).

Table 2. Separation coefficients between Mg and impurities at different temperatures [23].

T (K) βCa βCu βPb βZn

873 1.08 × 10−5 3.98 × 10−12 4.74 × 10−7 1.03
923 1.31 × 10−5 1.66 × 10−11 6.58 × 10−7 0.85
973 1.72 × 10−5 6.58 × 10−11 9.74 × 10−7 0.79

1023 2.12 × 10−5 2.20 × 10−10 1.34 × 10−6 0.72

It is worth noting that calculation of the activity coefficients is also important for the prediction of
the impurity mass fraction in the gas phase, with the result also depending on the initial concentration
of the impurity in the liquid and the vapor pressures of Mg and the investigated impurity [23].

ig =

[
1 +

(
Mgl

il

)
.
(

γMg

γi

)
.

(
p∗Mg

p∗i

)]−1

(5)

where l and g stand for liquid and gas phases, and Mgl, il, and ig are the mass fractions of Mg and any
given impurity in the liquid and gas phase respectively.

It should be noted that for vacuum distillation, the kinetic aspect is as important as the
thermodynamic one, but since the kinetics of this process are highly dependent on the geometry
of the used reactor, it is very difficult to obtain information applicable to the process in general,
and thus the kinetic aspect will not be discussed in this review.

3. Vacuum Distillation Setups for Producing Ultra-High Purity Magnesium

Vacuum distillation has been investigated as a way to refine magnesium to unprecedented purities
throughout the years. In 1978, Revel et al. [35] created a vertical retort (see Figure 4) for magnesium
refining. The equipment is composed of a graphite crucible and a diaphragm holding a stainless steel
condenser that contains baffles. The system is heated via a resistance heater situated between two
sintered alumina walls, with the external wall isolating the equipment.

The design of the system allows a homogeneous temperature at the bottom part (crucible to
diaphragm) and a decreasing temperature throughout the condenser’s compartments. The apparatus
is able to distill a 50 g load of magnesium.
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Figure 4. Illustration of Revel’s distillation column (C1–C4: compartments of condenser).

The aim of their study was to find the optimum parameters and the effect of various process
parameters on the purification degree of impurities with higher volatility than magnesium (e.g. Na,
Zn) as well as with low volatility (e.g. Cu, Fe, and Mn). They investigated the effect of the load and
condensation temperatures, residual gas pressure, distillation rate, and distilled quantity. The optimum
load temperature for this process is 700 ◦C, and no benefit for increasing the temperature over this value
was observed. Regarding the residual gas pressure in the retort, no significant effect on the process
was noticed at low pressure levels (0.013 to 0.0013 mbar). The purest deposits of magnesium were
found in the lower compartment of the condenser (C1), which had a temperature varying between 400
and 450 ◦C, having a noticeable difference with deposits condensed below 350 ◦C. Several distillation
rates were investigated (3.5, 24, and 50 g/h) at the optimum temperature by changing the number and
size of holes in the diaphragm.

The lowest rate was proven to be the optimum, as it simplifies the control and the reproducibility
of the conditions. Table 3 shows a comparison between the impurity concentrations of selected
impurities after different stages of distillation. The results shown are of a trial conducted with the
mentioned optimum parameters, and the sample is collected from the C1 compartment.

Table 3. Impurity concentration (in ppm) in samples with varying distillation quantity [35].

Element Before Distillation
After 55%

Distillation
After 72%

Distillation
After 83%

Distillation

Cu 3 0.8 0.6 0.05
Fe 97 <0.07 <0.04 <0.6
Mn 17–19 0.2 0.05 0.01
Na 4.3 0.4 0.3 0.6
Zn 52–58 17 16 17
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Despite the extremely high volatility of sodium and zinc, and thus the difficulty to separate them
from Mg in a distillation process, the results of Table 3 show a decrease in their concentration. This can
be attributed to the multi-chambered condenser, where these elements tend to condense in the upper,
low-temperature chambers, while most of the Mg distillate (almost 90%) condenses/solidifies in the
lowest chamber [35].

In 1996, Lam and Marx devised a distillation column able to produce Mg with 5N metallic
purity [15]. This column (depicted in Figure 5) comprises a crucible and a vertical condenser with
multiple baffles, all made out of highly pure graphite. This setup is maintained in a resistance furnace,
including three temperature-controlled zones. Through optimization of the baffle positions and
temperature control, impurities with higher condensation temperatures than magnesium, such as iron
and copper, condense on the lower baffles, while magnesium deposits on the middle ones. Finally,
elements such as zinc (as well as sodium and potassium, if present) with lower condensation
temperatures condense on the higher positioned baffles. The preferred parameters here are a
strong vacuum of 1.3 × 10−6 mbar, a crucible temperature of approximately 700 ◦C, and condenser
temperatures of approximately 600 and 450 ◦C for the lower and upper parts of the condenser
respectively [15].

 

Lower baffles 

Crucible 

Base  

Heating elements  

Condenser 
Vacuum bell jar 

Middle baffles

Upper baffles 

Figure 5. Vacuum distillation column as devised by Lam and Marx.

In 2003, Tayama and Kimura [16] developed a purification method with a newly devised
apparatus. Their main concern was to produce XHP magnesium through overcoming some
disadvantages they thought present in the Lam and Marx’s version of the distillation column.
They argued that since the concept of the old apparatus was based on selectively condensing different
elements in different temperature zones, it would be difficult to exclude impurities with small
differences in solidification temperatures between them and magnesium, especially on an industrial
scale. Of course, in order to ensure the exclusion of such elements, the specified recovery zone must
have a very small temperature range, which will result in a low metal yield.
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This apparatus is also a vertical distillation column, comprising a feed heating zone at the bottom
and a condensation/passage way zone thereupon. A cooled chamber is then located above for the
condensation and collection of the purified magnesium. At the top, there is an entrapment zone to
collect any vapor that is still not solidified. As shown in Figure 6 [16], there are special vapor passage
plates, some downwardly convex plates with a centered hole, and some upwardly convex plates with
peripheral holes.

 

Crucible 

Upper entrapment zone 
Solidification chamber 

Heating element 

Vapor passage 

Figure 6. Vacuum distillation column as devised by Tayama and Kimura (left) and vapor passage
plates (right).

The intention of these types of plates is to force the generated magnesium vapor to follow a zigzag
path that sufficiently decreases its flow rate. The continuous collisions between the vapor and the plates
result in energy losses, thus decreasing the vapor temperature and allowing part of the evaporated
Mg to condense on the vapor passage plates. The design and the installation order of these plates
allow magnesium vapor to pass upwardly, and at the same time allow the condensed melt (that still
contains some impurities) to flow downwards until it eventually reaches the feed crucible. Through
this countercurrent mechanism, fractionation of high vapor pressure elements (i.e., magnesium) and
low vapor pressure elements (i.e., impurities except zinc) occurs. The Mg vapor escaping the passage
then solidifies on the walls of the solidification chamber, while the remaining fumes (Zn–Mg mixture)
are collected by the upper entrapment zone of the reactor. The optimum parameters reported were
a vacuum atmosphere of 1.3 × 10−3 mbar along with controlled temperatures of 750 ◦C and 700 ◦C
for the feed crucible and the condensation vapor passage plates respectively. Magnesium with an
impurity content of 0.75 ppm (6N purity) can be obtained. If the obtained material from the first run is
purified again through the same process, this impurity level is able to be reduced to 0.38 ppm (6N6).
It should be noted that these values exclude zinc, as the amount of zinc in the final material after two
runs is still 1.7 ppm, which increases the total impurity content to 2.08 ppm, resulting in Mg with 5N8
purity grade being produced [16].
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In all the above setups, the condensed magnesium is always collected as fine powdery crystals
with high surface/volume ratio. Due to the extremely high reactivity of magnesium, these fine particles
can be easily oxidized, leading to problems upon re-melting to produce a semi-finished product,
because the formed oxide skins on the fine crystals contaminate the pure melt and remain in the
solidified metal in the form of non-metallic inclusions. This, of course, can have severe consequences
not only on the mechanical properties of the finished product, but also on its corrosion resistance.
In order to overcome this problem, Uggowitzer et al. [36] developed a quite different setup (see
Figure 7) that allows the liquid condensation of pure magnesium, so that upon solidification it is
collected as a considerable amount of bulk. In this setup, magnesium is heated in a resistance-heated
stainless steel retort until evaporation. Since the produced vapor reacts weakly with the stainless
steel of the walls, minor contamination can be detected in the condensed molten magnesium droplets.
In order to prevent these contaminated droplets from entering the collection crucible, a ‘cover’ is
placed to direct the falling droplets back into the feed. By controlling and keeping the temperature
constant via an independent heating element, under the boiling point but over the melting temperature
of magnesium, the evaporated magnesium that enters the collection crucible is to be condensed in a
liquid state [36].

[ ]

 

Retort 

Cover 

Heating element 

Collection crucible 

Starting material 

Heating element 

Figure 7. Vacuum distillation retort as devised by Uggowitzer et al.

4. Summary and Outlook

In the never ending search for better materials and technologies to reduce production—as well as
environmental—costs, researchers have given special attention to magnesium in previous years for its
exceptional qualities. This has led to a significant rise in the production of magnesium, to meet the
increasing demand. The major reason hindering the extensive use of magnesium (i.e., weak corrosion
resistance) comes from the presence of impurities like iron, cobalt, copper, and nickel, even at minor
quantities. To overcome this issue and unlock magnesium’s full potential as a biodegradable metal and
a battery anode, various methodologies for ultra-purification of magnesium have been investigated
over the years.

Throughout this paper, the major refining process for magnesium (i.e., vacuum distillation) was
deeply reviewed, discussing the refining principle and the most important setups devised over the
years, especially the ones focusing on ultra-purification. The review shows that magnesium with
purities up to 5N8 can be achieved by vacuum distillation, with zinc being the main reason for not
achieving purity values over 6N.

Despite the efforts of the past years, there is still a big gap in the thermodynamic data. Except for
the limited information mentioned in Section 2, no data for the activity coefficients or the separation
factors of impurities in magnesium are available. A MVIM study to theoretically predict the behavior
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of such impurities and confirm the results with experimental trials would drastically enhance our
understanding for the process. An extensive kinetic study showing the effect of the evaporation rate
on the purification levels of the various impurities is also an interesting topic for further research.
For elements difficult to separate from Mg (e.g., zinc), investigating the addition of certain elements to
the melt to form a hardly evaporable intermetallic compound could also be a feasible technique. Finally,
in an effort to find further successful magnesium refining techniques, the authors are keen on testing
the feasibility of fractional crystallization-based methods too.
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Abstract: This paper focuses on the recycling of silver from spent oxygen-depolarized cathodes through
an innovative combination of pre-treatment methods and leaching. A silver- and polytetrafluorethylene
(PTFE)-rich fraction was produced by cryogenic milling, screening, and magnetic separation. In order
to understand the kinetic leaching mechanism, the silver-rich fraction was leached by different
concentrations of nitric acid and hydrogen peroxide. Results showed that nickel influences the silver
leaching. This leads to complex reaction systems, which cannot be described by the Arrhenius law.

Keywords: oxygen-depolarized cathodes; silver leaching; cryogenic pre-treatment; negative
activation energy

1. Introduction

The utilization of oxygen-depolarized cathodes (ODCs) for chlorine-alkaline electrolysis is
becoming interesting as an industrial process due to its lower energy consumption and associated
CO2 emission compared to mercury, diaphragm, or conventional membrane cell electrolysis [1].
The power consumption for chlorine production can be reduced to 30% compared to that of the
common membrane process [2].

Oxygen-depolarized cathodes consist of a grid material made of nickel, silver powder as a
catalyst, and polytetrafluorethylene (PTFE). As the technology becomes more relevant in the future,
the development of a recycling process for used cathodes is an important step towards a sustainable
process chain. This publication focuses on the recovery of silver from ODCs with a combination
of mechanical pre-treatment and hydrometallurgical methods. The main objective is to extract the
silver from the ODC as silver nitrate and produce an optimal silver nitrate solution that is suitable for
subsequent silver electrolysis. The main challenge is to leach with a relatively low acid concentration,
so that electrolysis can run at pH values of 5–6 without requiring strong neutralization. Furthermore,
the nickel concentration in the electrolyte has to be below 1 g/L as nickel influences the silver powder
morphology and its quality for reuse in ODCs. The influence of nickel in the silver electrolysis was
investigated by a project partner and is not a part of this paper [3].

To develop a zero-waste recycling process for used oxygen-depolarized cathodes, the combination
of mechanical pre-treatment and leaching was necessary for the following reasons:

• Pyrometallurgical treatment is not suitable because of the complex material composition and
the high amount of PTFE. The combustion of PTFE produces harmful off-gases and requires a
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complex off-gas cleaning [4]. Furthermore, a pyrometallurgical separation of silver and nickel
causes high silver losses, which are investigated in other trials.

• The direct leaching of non-pre-treated oxygen-depolarized cathodes is technically feasible but
requires a complex separation of dissolved nickel in order to recover catalytically active silver
powder via silver electrolysis. Single pre-trials (5% nitric acid) with non-pre-treated cathodes
revealed a higher dissolved nickel content (8 g/L Ni) compared to pre-treated ODCs (0.08 g/L
Ni). For this reason, further experiments were carried out with crushed cathodes.

• The mechanical pre-treatment of the ODCs leads to the liberation of the enclosed silver particles,
which improves the contact of acid and silver. A visual analysis of the pre-treated material showed
a significant exposure of silver particles. In addition, handling crushed material is much easier
compared to dealing with complete cathodes.

• Due to the relatively low acid concentration required, the influence of an oxidizing agent (hydrogen
peroxide) and its influence on leaching (thermal instability [5] and catalytic decomposition [6])
should be investigated.

A zero-waste process is possible because the pre-processing of ODCs separates magnetic nickel,
which can be melted directly after one washing step. Silver will be regained as silver powder for new
ODCs from the obtained silver nitrate solution after leaching. Due to its chemically inert behavior,
a PTFE fraction is received after leaching and filtration. After an additional leaching with concentrated
acid, the PTFE should theoretically be clean enough to be transferred to a new recycling process.

The schematic of the developed recycling procedure, which should be able to deal with the
challenges presented, is shown in Figure 1. The mechanical treatment started with cryogenic grinding
in a cutting mill under liquid nitrogen. Temperatures below −50 ◦C increased embrittlement and
supported the comminution of the material in the mill, which was necessary for the following
processing steps. Separation was achieved by screening and magnetic separation, producing both an
enriched Ni and a PTFE–Ag fraction. The enriched PTFE–Ag fraction was the input material for the
following leaching step with nitric acid. The silver nitrate solution after leaching was used to produce
silver powder by electrolysis, which, however, is not a part of this publication.

Cryogenic
grinding

Oxygen depolarized
cathodes

Screening Magnetic
separation

Nickel

Leaching PTFE

AgNO3

Electrolysis Silver

Figure 1. Schematic procedure for recycling silver from oxygen-depolarized cathodes (ODCs).

As shown in the flow sheet for the developed recycling process, the main objective was to devise
a pre-treatment for used ODCs and to specify leaching conditions to obtain a suitable AgNO3 solution
for subsequent silver electrolysis.

The mechanical processing of the material uses mechanisms that are already well established in
the processing of several mineral resources. Whereas screening is normally used to achieve a defined
feed grain size for the subsequent separation processes, it can also be used to separate materials with
different shapes in combination with selective comminution. There have been various approaches
to selective comminution and subsequent screening for materials, such as concrete and mineral
construction and demolition wastes in order to recycle their different components [7,8].

Magnetic separation has been increasingly used since the beginning of the 20th century. Its most
important field of application is iron ore processing, as strong magnetic magnetite is enriched almost
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exclusively in this way. Due to its high susceptibility, metallic nickel is characterized as a ferromagnetic
material that behaves similarly to magnetite, whereas Ag–PTFE is non-magnetic. This makes the
application of a dry low-intensity magnetic separation (LIMS) suitable for the investigated material [9].
Modern dry LIMS aggregates are mainly designed as drum separators with permanent magnets,
providing magnetic field strengths below 2000 Gauss (0.2 Tesla) [10]. For small-scale applications,
rotary magnetic belt separators with higher magnetic field strengths (up to 5000 Gauss) can be applied.

Silver leaching with nitric acid is a well-known procedure with a complex reaction between metal
and acid with a dependency on purity, formed reaction products, and temperature. The chemical
and physical state of silver also influences the reaction [11]. Furthermore, the acid concentration can
change the reaction order. In a concentration range between 3.0 and 4.9 mol/L, the reaction follows
the second order [12]:

4HNO3 + 3Ag −→ 3AgNO3 + NO + 2H2O; (1)

at higher acid concentrations (4.9–7.1 mol/L) silver reacts with nitric acid according to the first
order [12]:

2HNO3 + Ag −→ AgNO3 + NO2 + H2O. (2)

Also, the reaction system presented in this paper had to be extended because of the partially
enclosed silver particles in a PTFE matrix, which certainly influenced diffusion.

A non-catalytic heterogeneous solid–fluid reaction of uniform spherical particles can be expressed
with the shrinking core model. Here, the rate-controlling step can be expressed differently under two
different scenarios. If the chemical reaction is the dominant step, the expression can be indicated
as [13]:

1 − (1 − α)1/3 = k·t, (3)

where α is the conversion, k is the reaction rate constant, and t is time.
If the diffusion of the reagent through a solid porous layer dominates the reaction, then the

shrinking core model can be expressed, e.g., by an equation proposed by Jander [14]:

(
(1 + α)1/3 − 1

)2
= k·t. (4)

A plot of [1 − (1 − α)1/3] with respect to [((1 + α)1/3 − 1)2] versus time should give a straight line
with a slope k. Furthermore, the reaction rate constant is a function of temperature and the activation
energy of the system can be determined by the Arrhenius equation (Equation (5)) [15]:

k = Ae−Ea/RT , (5)

where A is the pre-exponential factor, Ea the activation energy, R the gas constant, and T
the temperature.

The Arrhenius equation is applicable for elementary reactions between reactants, which are in an
endothermic equilibrium. Furthermore, the reaction pathway from the initial to the final state does not
influence the activation energy. The Arrhenius law suggests that the activation energy is a constant,
which is not always a given, as Ea can show temperature and reaction-phase dependence [16,17].

2. Materials and Methods

To provide a sufficient liberation of the main components, the material was crushed by a cutting
mill under cryogenic conditions. The low temperature of liquid nitrogen led to the embrittlement
of the PTFE and nickel grid. Thus, a slight comminution of ODCs was possible without major
material loss. A rough separation was seen after treatment (Figure 2a). The nickel grid matrix was
disassembled into threads and the PTFE with the silver into grains (Figure 2b,c). The grain size was
controlled by using different discharge screens (mesh sizes: 1, 2, and 4 mm). Five different batches
were generated, whereby the first two batches (fractions 1 and 2) were used to generate enough
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material for the leaching trials with a discharge screen of 4 mm. In order to investigate the liberation
grade, three fractions were generated with different discharge screens. The influence of using different
mesh sizes during cryogenic milling on chemical composition, grain size distribution, and leaching
behavior was investigated separately. The different fractions obtained underwent the same processing
steps afterwards.

 
(a) (b) (c) 

Figure 2. Samples after cryogenic treatment. (a) Macroscopic image, (b) microscopic image of the
nickel fraction, and (c) microscopic image of the Ag–polytetrafluorethylene (PTFE) fraction.

The main objective of mechanical processing was to generate a high-grade Ag–PTFE concentrate
by rejecting the metallic Ni threads. This was achieved by dry magnetic separation. Due to the
fact that the Ni threads tended to stick together and agglomerate with Ag–PTFE, the feed had to be
deagglomerated by short-time screening. As a positive side effect, the screening process not only
ensured deagglomeration but also separated an adequate amount of Ni threads. A simplified flow
sheet of the discontinuous process is shown in Figure 3.

Feed

Screening
2 mm

> 2 mm

Magnetic 
Separation

Rougher/Cleaner

< 2 mm

  Non mag

magnetic

Screening 
1 mm

  Non mag

Dust

> 1 mm

Magnetic 
Separation
Scavenger

< 1 mm

magnetic

PTFE/Ag 
(1)

PTFE/Ag
(2)

Ni 
(1)

Ni 
(2)

Ni 
(3)

Cryogenic Milling
Cutting Mill

< 4 mm

Figure 3. Simplified flow sheet of the discontinuous mechanical treatment process.
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Screening was carried out using a laboratory-scale sieve, whereas magnetic separation was carried
out with a rotary magnetic belt separator (Steinert, Cologne, Germany) with a permanent magnetic
strength of 3500 Gauss (0.35 Tesla). To ensure a clean Ag–PTFE product and to speed up the recovery,
a two-staged magnetic separation was performed followed by another short-time screening and a
subsequent magnetic separation step.

The analysis of the processed ODCs was conducted with inductively coupled plasma atomic
emission spectroscopy (ICP-AES) (Spectro Ciros Vision, Spectro, Kleve, Germany) after a microwave
digestion (Multiwave PRO, Anton Paar, Graz, Austria) in concentrated nitric acid. By back weighing,
the amount of insoluble PTFE was determined.

Leaching trials of the processed ODCs were carried out in a magnetic stirred beaker with a stirring
speed of 300 rpm. To minimize fluid loss during the experiment, a watch glass was placed on the
opening of the beaker. The solid to liquid ratio (50 g/L) and the temperature of 50 ± 1 ◦C was constant
for all the leaching experiments. A reaction volume of 0.750 L was chosen and the material was
homogenized for every trial to reduce the influence of material inhomogeneity.

In the first step, two different nitric acid concentrations were tested (5% HNO3 and 10% HNO3).
Further, the influence of the addition of hydrogen peroxide was investigated. For this purpose,
the required amount of H2O2 was calculated from the silver content and 1:1.5 and 1:3 Ag:H2O2

stoichiometries were chosen. The overstiochiometrical addition was chosen because a loss of hydrogen
peroxide was anticipated due to thermal decomposition and reaction with nickel. At 120 min and
at 240 min a liquid sample of 10 mL was taken and filtered with a syringe filter unit (mesh size
0.45 μm). The trials were repeated three times to prove the reproducibility and to reduce the influence
of inhomogeneity of the material.

For the kinetic trials a temperature range from room temperature to 85 ± 0.5 ◦C was chosen.
Over a time frame of 240 min, every 30 min a small sample of 10 mL was taken and filtered with
syringe filter units (mesh size 0.45 μm). The agitation speed and the solid to liquid ratio were adopted
from the leaching tests. The experiments were carried out with 5% nitric acid and a 1:3 stoichiometry
was chosen to investigate the influence of hydrogen peroxide. The acid concentration of 5% and
1:3 stoichiometry delivered good results for the required selectivity and silver recovery for a possible
recycling process. The results of the kinetic study provided information about the activation energy as
well as details about the temperature and diffusion behavior in order to refine leaching parameters.
The kinetic trials were repeated two times.

The silver concentration was determined with titration against chloride and nickel using ICP
analysis. The liquid loss due to sampling and evaporation was taken into account for the calculation of
the mean yields.

3. Results and Discussion

The results of five different test samples are shown in Table 1. Coarse- and medium-grained
samples showed similar behavior in the first magnetic separation stage, while the recovery of Ag–PTFE
from the fine-grained sample was less effective. The second magnetic separation stage increased the
mass recovery of Ag–PTFE in all five samples.

As mentioned above, the process was not designed continuously because of the short-time
screening stages between the milling and the magnetic separation stages. To realize an industrial and
dry continuous process with a higher throughput, the application of an air jig or air tables could be
considered due to the higher density of the Ag-bearing PTFE material compared to the Ni threads [18].
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Table 1. Mass recoveries of mechanical processing tests.

Fraction
1

(Coarse)
2

(Coarse)
3

(Coarse)
4

(Middle)
5

(Fine)

Ni > 2 mm (1) 7.8% 8.4% 6.9% 8.2% 5.3%
PTFE–Ag magnetic separation

rougher/cleaner (1) 73.2% 70.2% 74.7% 72.5% 61.2%

Ni > 1 mm (2) 8.4% 8.5% 8.5% 6.7% 11.3%
PTFE–Ag magnetic separation

scavenger (2) 5.5% 10.6% 7.8% 7.5% 13.2%

Ni magnetic separation scavenger (3) 5.1% 2.3% 2.2% 5.1% 9.0%
Ag–PTFE product 78.8% 80.8% 82.4% 80.0% 74.4%

Ni fraction 21.2% 19.2% 17.6% 20.0% 25.6%

For the following leaching trials the non-magnetic fractions of 1 and 2 were taken and homogenized.
Table 2 shows the material composition of the obtained Ag–PTFE fraction.

Table 2. Composition of processed ODCs used for leaching trials.

Ag Ni PTFE

91% 0.25% 5.7%

Figure 4 shows the metal extraction for silver and nickel after leaching with 5% and 10% HNO3

and the addition of different amounts of hydrogen peroxide. By leaching with 5% nitric acid the silver
yield reached 63.9% after 120 min; after 240 min the metal extraction increased to 85.2% (Figure 4a).
The addition of hydrogen peroxide improved the silver recovery, as the yield reached 83.6% with
1:1.5 or 93.1% with 1:3 stoichiometry. A longer reaction time resulted in a slight increase up to 98.7%
(1:3 stoichiometry). The silver dissolution reaction took place at the very beginning and almost reached
a steady state after 120 min with the addition of hydrogen peroxide. For the extraction of nickel, a yield
of 66.9% was obtained with the lower acid concentration after 120 min. The addition of the oxidizing
agent decreased the nickel recovery to 47.1% with 1:3 stoichiometry. Similar to the dissolution of silver,
the nickel dissolution also reached a saturation value after 120 min.

(a) (b) 

Figure 4. Recovery rate for silver and nickel for leaching trials with (a) 5% HNO3 and (b) 10% HNO3.

By leaching with 10% nitric acid, a slightly lower silver yield of 58.7% was obtained compared
to the leaching trials with 5% HNO3 (Figure 4b). The addition of hydrogen peroxide increased the
silver recovery to 78.1%. A higher acid concentration led to a higher amount of nickel in the solution
compared to leaching trials with 5% HNO3. Additionally, the influence of the oxidizing reagent was
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significantly smaller and resulted in a lower silver-to-nickel selectivity. The lower acid concentration
was more suitable for producing a silver nitrate solution ideal for electrolysis. Furthermore, the addition
of hydrogen peroxide decreased the dissolved nickel content and reduced the reaction time, as shown
in Figure 4.

A recovery of 100% was not achieved due to the following observations: Some silver particles
were partly or completely surrounded by the PTFE matrix. Consequently, direct contact between the
nitric acid and the silver particles was impeded. Furthermore, the presence of metallic nickel threads
led to the cementation of metallic silver on the nickel surface. Through this cementation reaction,
nickel was passivated as soon as sufficient silver dissolved to cover the nickel surface. This reaction
between the dissolved silver and metallic nickel grains results in a useful nickel saturation because of
a desired low nickel concentration in the solution on the one hand but consequently leads to silver
losses on the other hand.

The influence of different temperatures is shown in Figure 5. The dissolution of silver in 5% HNO3

at room temperature was slower compared to that at higher temperatures. At room temperature,
a delay in the dissolution of silver can be observed for less than 60 min. Due to previous experiences it
can be assumed that silver dissolution is dominated by the silver cementation.

At 45 ◦C, the yield of silver reached a maximum at 80.6%. Higher temperature increases led to
reduced silver extraction. The dissolution of silver with the H2O2 additive was significantly faster than
without it. This can be attributed to the higher standard potential of H2O2 compared to that of HNO3,
meaning that silver oxidation occurred more easily. The temperature behavior of the HNO3–H2O2

leaching curves was similar to the HNO3 curves. The yield increased from 88.0% to 93.7% with a
temperature rise of 15 ◦C after 60 min. However, a further increase in temperature led to lower
silver yields.

(a) (b) 

Figure 5. Silver extraction at different temperatures (a) without and (b) with the addition of
hydrogen peroxide.

By applying the kinetic models stated above over a time range of 60–180 min, the following diagrams
were created. The time range was chosen to exclude the range, where the silver extraction reached a
saturation state. The differences between the models for reaction-controlled and diffusion-controlled
leaching were only very marginal. Using other forms of the models also made no improvement.
The main concern of the results obtained was the unusual behavior as a function of the temperature.
The relationship between 1 − (1 − α)1/3 (reaction-controlled) and ((1 + α)1/3 − 1)2 (diffusion-controlled)
and the time for silver leaching at various temperatures are shown in Figure 6. Comparing the two
models, the quality of the linear regressions decreased with increasing temperature. In addition,
based on the available data, no decision could be made as to whether the reaction is more diffusion-
or reaction-controlled.
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(a) (b) 

Figure 6. The relationship between (a) 1 − (1 − α)1/3 (reaction-controlled) and (b) ((1 + α)1/3 − 1)2

(diffusion-controlled) and the time for silver leaching at various temperatures.

After determining the reaction rate constants from the slopes, a decrease in the k values
was observed with temperature increase. By plotting ln(k) versus 1/T in order to determine the
activation energy following the Arrhenius equation, a negative activation energy was calculated for
the dissolution of silver regardless of the chosen model. This outcome contradicts the literature values
for the activation energy of metallic silver in nitric acid [12].

As mentioned in the introduction, the Arrhenius law depends on several factors [16,17].
Considering the observations of the reaction behavior, the non-Arrhenius behavior can be explained by
the presence of a complex reaction system [19]. One assumption for the validity is a simple elementary
reaction shown in Equation (6).

A + B → C (6)

One indication of the presence of a complex reaction is the leaching behavior of nickel. Leaching
trials with 5% nitric acid have shown that it is impossible to achieve a complete dissolution of nickel
in spite of its solubility in diluted nitric acid [20]. One possible explanation for this phenomenon is
a passivation of the nickel threads after a certain reaction time and a subsequent hindrance for the
dissolution of nickel. On examining the nickel threads after leaching by optical enlargement, a silver
layer on the nickel surface was obvious from silver cementation (Figure 7).

Figure 7. Silver cementation on nickel threads.
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Considering this cementation, it was necessary to extend the model for the dissolution of silver
with a consecutive reaction (Equation (7)) which is a complex elementary reaction.

[Ag]PTFE
HNO3→ Ag+

(aq)

Ni
�

HNO3

[Ag]Ni. (7)

Furthermore, nickel shows a complex behavior, as it is dissolved in diluted acid and with silver
cementation, which results in a parallel reaction.

(8)

Given the fact that both silver and nickel show complex dissolution reactions in this system,
the requirements of the Arrhenius law are not fulfilled and the negative activation energy can be
explained because of these phenomena. The three necessary reaction rate constants for the silver
reaction include three different temperature dependences. Nickel dissolution can be expressed by two
reaction rate constants. In addition, silver and nickel interact with each other, making the leaching
model even more complicated. The overall reaction rate constant at one temperature, which is
determined by the leaching model, is consequently a combination of several constants and depends on
the concentration of the other metal, especially at the beginning of the reaction. By adding hydrogen
peroxide, the reaction system will be extended at least for one reaction for each metal and even
more reaction rate constants have to be considered. As a result, the kinetics of this system cannot be
evaluated with the concepts of a shrinking core model and the Arrhenius law.

4. Conclusions

The kinetic investigation in the range of 25 ◦C to 85 ◦C led to a negative activation energy for the
dissolution of silver. In the small temperature range from 25 ◦C to 45 ◦C, a positive activation energy
was possible, but the data was insufficient to prove this. For higher leaching temperatures, a change
in the leaching mechanism was possible, which was dominated by complex elementary reactions.
In the future, further experiments should be conducted over smaller temperature and time ranges
to determine a possible change in the reaction mechanism. The analysis of the data is difficult since
little can be found in the literature about negative activation energy [21]. To work in the validity of
the Arrhenius law, silver dissolution must be investigated without the influence of nickel. Due to the
utilization of a recycled material, a pre-treatment was necessary.

For future kinetic investigations, it will be useful to study all possible chemical reactions. This is
shown schematically in Figure 8 for the HNO3–H2O2 system. The silver dissolution can occur on
the one hand with nitric acid, where besides Ag+ and water, nitrogen monoxide will also be formed.
On the other hand, hydrogen peroxide can also react with silver to form Ag+ and water. As the silver
particles on the PTFE surface are in the micrometer range, H2O2 will decompose catalytically on
the metal surface, leading to O2 and H2O formation and a slight temperature increase due to the
exothermic reaction. Nickel can undergo reactions with nitric acid analogous to silver dissolution
and with already dissolved silver to form nickel cations. Additionally, the oxidation of NO, which is
formed by the metal–nitric acid reaction, to nitric acid should be mentioned as a side reaction.
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Figure 8. Schematic diagram for the possible reactions between silver, nitric acid, nickel, and
hydrogen peroxide.
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Abstract: The amount of waste electrical and electronic equipment (WEEE) in the world has grown
rapidly during recent decades, and with the depletion of primary ores, there is urgent need for
industries to study new sources for metals. Waste printed circuit boards (WPCB) are a part of
WEEE, which have a higher concentration of copper and precious metals when compared to primary
ore sources. PCB materials can be processed using pyrometallurgical routes, and some industrial
processes, such as copper flash smelting, have utilized this type of waste in limited amounts for
years. For the purpose of recycling these materials through smelting processes, this work studied the
behavior of WPCB scrap when dropped on top of molten slag. A series of experiments was carried
out during this research at a temperature of 1350 ◦C, in an inert atmosphere with different melting
times. The time required for complete melting of the PCB pieces was 2–5 min, after which molten
alloy droplets containing Cu, Pb, Sn, Ni, Au, and Ag formed and started descending toward the
bottom of the crucible. The ceramic fraction of the PCB material mixed with slag and the polymer
fraction was pyrolyzed during the high-temperature experiments. The results give an understanding
of PCB melting behavior and their use as a part of the smelting furnace feed mixture. However,
more research is needed to fully understand how the different elements affect the process as the
amount of PCB in the feed increases. The physical behavior and distribution of PCB materials in
fayalite slag during the smelting process are outlined, and the results of this work form a basis for
future studies about the chemical reaction behavior and kinetics when PCB materials are introduced
into the copper smelting process.

Keywords: WPCB; melting behavior; flash smelting

1. Introduction

Recent advancements in electronic and electrical technologies have caused rapid growth in the
amount of waste electrical and electronic equipment (WEEE) in the last two decades. This is largely
credited to global trends in the number of users, technological advances, efficiency, as well as social
and economic development. Additionally, the increase in average disposable income has reduced the
cycle times of electronic equipment. Globally generated e-waste amounted to 44.7 million metric tons
in 2016 [1]. The amount of collected e-waste is expected to surge rapidly, which would further increase
the need for efficient recycling solutions. The plentiful amount of precious metals (PMs) in WEEE are
especially becoming of greater importance and focus [2]. In today’s circular economy, an essential
challenge is how to incorporate the rising amount of WEEE into existing industrial processes as a
secondary feed material with additional value [3,4].

With the continuous growth of demand for metals, and parallel degradation and depletion of
primary ores, there is an increasing need for secondary raw materials. Some studies have been
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conducted regarding the behavior and recovery possibilities of different metals in WPCBs with
different kinds of metallurgical processes, such as leaching in different media [5,6]. During the last
decade, the practice of using WPCB as a feed material in copper smelting has also become a focus
of research and development. WPCBs’ high PM content has incensed commercial smelter operators
toward developing existing processes for accepting WEEE and WPCB. Their use has already been
implemented in several integrated processes around the world, such as the Umicore Hoboken plant in
Belgium [7] or the Boliden plant in Sweden [8]. In Japan and Korea, the Mitsubishi smelting process
has been developed for adapting WEEE as a secondary material source [9]. A few commercial smelting
operations have moved towards charging WEEE into a copper flash-smelting furnace (FSF) as an added
material; one example is the Horne smelter in Canada [10]. This process differs from direct reduction
metal-slag systems, as the flash furnace maintains a matte–slag environment. It also has variances to
other matte–slag systems, as WEEE material is charged together with the primary copper concentrate.

Experimental investigations on the thermodynamic properties and distributions of minor (WEEE)
elements in different oxygen partial pressures have been carried out recently by several researchers,
mostly for metal–slag systems [11–18] but also in matte–slag equilibria [19]. Some model predictions
for PCB’s minor element distributions, including Pb, Sn, Ni and Zn, have also been proposed [20].
The decomposition and oxidation rates of concentrate material in the FSF reaction shaft have been
extensively studied by several researchers [21–27], and some modeling works using fluid dynamic
software were finished based on these results.

However, the distribution and kinetic behavior of WEEE/WPCB in the flash-smelting process
still lack investigation. More research is needed to evaluate the compatibility of WPCB with traditional
FS processes, regarding the capacity of simultaneous smelting of WPCB and copper concentrate.

This research work expands the work done previously [28], which studied the matte–slag reaction
system. The aim of this research is to find out the behavior and distribution of WPCB scrap in the
slag phase when injected on top of the slag from the roof of a settler where the flight time is short and
atmosphere is no longer oxidizing.

2. Materials and Methods

2.1. Materials

The WPCB pieces (shown in Figure 1a) were cut from a disassembled mobile-phone motherboard.
The size of the pieces was approximately 5 mm × 5 mm × 1 mm. The comparison samples, referred
to as “synthetic PCB” (Figure 1b) were comprised of copper–nickel alloy (Alfa Aesar, Karlsruhe,
Germany, 0.51 mm thick, 33% copper and 67% nickel) pieces wrapped in aluminum foil (Fisher
Scientific, Pittsburgh, PA, USA, 24 μm thick). The size of these comparison pieces was 5 mm × 5 mm
× 1 mm as well.

Figure 1. Materials utilized in this study: (a) printed circuit-board (PCB) piece; (b) synthetic PCB pieces.
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The synthetic slag was a mixture of hematite (Alfa Aesar, Kandel, Germany, 99.998% purity),
silica (Umicore, Balzers, Liechtenstein, 99.99% purity), and metallic iron (Alfa Aesar, Kandel, Germany,
99.5% purity), with mass ratios of 50% Fe2O3, 30% SiO2, and 20% Fe. The amount of slag used for each
experiment was 1.0 g. The slag–powder mixture was placed into a silica crucible and introduced into
the furnace.

2.2. Apparatus

The experimental apparatus used in this research is shown in Figure 2. It is comprised of a vertical
tube furnace (Lenton LTF 16/-/450, Lenton, Nottingham, UK) which is equipped with 4 silicon carbide
(SiC) heating elements and a Eurotherm PID temperature controller (Eurotherm, Ashburn, VA, USA).
The furnace working tube is made of impervious pure alumina (Frialit AL 23; Friatec AG, Germany)
with 45/38 mm OD/ID. On top of the working tube, a lid equipped with the water-cooling system
has three small holes. From the first hole, an S-type Pt/Pt-10Rh thermocouple (Johnson–Matthey
Noble Metals, London, UK) inside a protective alumina tube was inserted into the furnace. The output
voltage of the thermocouple was measured with a Keithley 2000DMM multimeter (Keithley, Solon,
OH, USA). A Pt100 resistant thermometer (SKS-Group, Vantaa, Finland) was connected to a Keithley
2010DMM multimeter for performing cold-junction compensation. Temperature data were logged
with LabVIEW software (National Instruments, Austin, TX, USA). From the second hole, a platinum
wire (inside a 22 mm alumina guiding tube, see Figure 2) was inserted for raising the sample to the
reaction zone of the furnace. The third hole was equipped with a re-sealable rubber cork for dropping
the PCB pieces into the alumina guiding tube and eventually into the silica crucible containing the
molten slag.

Figure 2. A schematic of the experimental furnace and details of the hot zone. During quenching
of the sample, the quenching vessel was lifted to cover the bottom end of the furnace work tube for
preserving the inert-gas atmosphere.

2.3. Procedure

Before the experiments, the temperature inside the working tube of the furnace was measured,
the area with the highest temperature was defined as the hot zone, and its temperature was set to
1350 ◦C. The temperature was kept constant throughout the experiments. After introducing the
crucible–sample–platinum basket assembly into the cold zone of the furnace and sealing the lower end
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of the furnace work tube, an argon (Aga Linde, Espoo, Finland, 99.999% purity) gas flow was turned
on and given 10 min to fill the tube to exclude oxygen. Then, the crucible with the slag was lifted up to
the hot zone with the Pt suspension wire, where it was kept for 5 min for the slag to melt. After this,
a piece of WPCB was dropped into the crucible from the top of the furnace through a small resealable
hole. The melting time was measured from the moment the piece was dropped through the hole to the
moment the sample was quenched in 0 ◦C ice water in the quenching vessel.

Two different experimental series were conducted. In the first series, actual PCB pieces were used,
and the melting times were 25, 60, 120, and 300 s. Each time interval experiment was repeated at least
twice to ensure reliable results. In the second series, the behavior of synthetic PCB (copper–nickel alloy
wrapped in aluminum foil) pieces was studied with the same procedure.

The quenched samples in their cone-shaped crucibles were mounted in epoxy resin and then
cut in half from a location that seemed to contain PCB material in visual inspection. The obtained
semicircle-shaped pieces were ground and polished using traditional dry metallographic techniques.
Sufficient conductivity on the surface was ensured with a carbon coating (Leica EM SCD050, Leica
Microsystems, Wetzlar, Germany). The samples were analyzed with a Tescan MIRA 3 Scanning
Electron Microscope (SEM, Tescan, Brno, Czech Republic) equipped with an UltraDry Silicon Drift
Energy Dispersive X-Ray Spectrometer and NSS Microanalysis Software (EDS, Thermo Fisher Scientific,
Waltham, MA, USA). The acceleration voltage and beam current of the SEM were 15 kV and 10 nA,
respectively. The external standard materials used for elemental analysis were olivine (O), hematite
(Fe), quartz (Si), and pure metals for Cu, Pb, Sn, Ni, Au, Ag, and PGMs.

3. Results and Discussion

The experiments were conducted in an inert argon atmosphere for verifying the behavior of the
unreacted WPCB material in the settler area without free oxygen. During the introduction of the PCB
sample pieces into the furnace, tiny amounts of oxygen may have entered the furnace, but the effect of
this was considered negligible. The synthetic PCB material was selected for investigating the melting
and settling behavior of only the metallic PCB fraction.

3.1. Basic Matte–Slag Reaction during the Flash-Smelting Process

During the flash-smelting process, most of the concentrate particles react with oxygen and become
molten due to exothermic reactions. The slag phase forms and separates from the matte phase in the
settler area through the following reactions, and, during the processes described in Equations (1)–(4),
iron sulfide is continuously removed from the matte phase, the copper content in the matte phase
increases, and more slag appears.

3 Fe3O4 (s) + FeS(matte) = 10 FeO(slag) + SO2 (g) (1)

Cu2S (l) + O2 (g) = 2 Cu(metal) + SO2 (g) (2)

2 Fe2O3 + S(matte) = 4 FeO(slag) + SO2 (g) (3)

3 Fe3O4 (s) + FeS(matte) + 5 SiO2 = 5 Fe2SiO4(slag) + SO2 (g) (4)

However, during the industrial process, some particles do not react completely and fall to the
settler area as partly or fully unreacted. Kim and Themelis [29], Jokilaakso et al. and Ahokainen
and Jokilaakso [23,30] found out how larger particles fragment into small ones in the reaction shaft,
and the result showed that unreacted particles cannot be ignored. In that case, the decomposition of
these particles may start in the settler, where oxygen pressure is low.

The same phenomenon may happen when adding WPCB material into the concentrate during the
flash-smelting process, and pieces of WPCB can directly drop into the settler and melt only in the slag
phase. In addition, WPCB scrap can be directly added into the settler from the roof of the settler area.
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In order to investigate the melting behavior of the WPCB in the slag phase, two series of experiments
were done in this study to investigate the physical behavior of the WPCB in the fayalite slag.

3.2. Behavior of WPCB Samples in the Slag Phase

Figure 3a–d shows SEM micrographs of the samples and the structure change of the WPCB pieces
as a function of time in argon atmosphere. From the overview of the 25 s WPCB sample, a visible
WPCB structure on the top of molten slag can be clearly observed, so it can be concluded that 25 s
of contacting time is far too short to melt the whole WPCB sample. With the contacting time of 60 s,
the WPCB piece has disintegrated to some extent, and the droplets found in this sample are primarily
copper mixed with minor trace metals such as nickel, lead and tin. However, 60 s is not enough to
allow the copper alloy droplets to settle through the slag layer towards the bottom.

Figure 3. Scanning electron microscope (SEM)—backscattered electron (BSE) micrographs of the waste
PCB (WPCB) specimens at different melting times. The letters indicate (a) metal droplets from PCB,
(b) unreacted iron from the slag mixture, (c) liquid slag, and (d) silica crucible.

After 120 s of melting, shown in Figure 3c, a remainder of the WPCB structure with copper
droplets could be found above the slag, and there were also multiple metal droplets inside the slag,
which meant the melting and settling process was not finished. Since the plastic and ceramic structure
of the WPCB was still visible after 120 s, it was most probably present in the 60 s sample as well;
however, this cross-section in Figure 3b does not show it. Figure 3d shows an overview of the 300 s
sample, where the WPCB structure has already melted entirely, and the small metal droplets coalesced
into bigger-size droplets. At that time, the melting process of the PCB was finished, but the settling
process of the metal droplets toward the bottom of the silica crucible was still ongoing.

Due to the short time allowed for the slag mixture to melt before introducing the WPCB samples,
some metallic iron is found from the slag (indicated with B in Figures 3a–d and 5a–d). This indicates
that the slag was still far from equilibrium. The aim of this study was to investigate the behavior
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of the WPCB pieces in a molten-slag bath, and therefore the state of the slag was not of great
importance, as long as it was molten. When the melting time of the slag–powder mixture was
prolonged, a considerable amount of slag dripped through the crucible (visible in Figure 3a), reducing
the volume of the slag inside the crucible. If the slag volume were too low, i.e., only a slag “film”
remained on the surface of the crucible, observations about the settling behavior of the metal droplets
originating from the PCB pieces could not be made.

For some of the metal droplets, SEM-EDS analysis areas are shown in Figure 4a–d. The compositions
(in wt%) of analysis areas 1–8 in Figure 4a–d are listed in Table 1.

Figure 4. SEM-EDS analysis areas of metal droplets originating from PCB pieces. 1: Cu, 2: Cu–Ni alloy,
3: Fe, 4: Cu–Pb–Sn alloy, 5: Cu–Sn alloy, 6: Cu–Fe–Pb alloy, 7: Pb, 8: Cu–Fe alloy.

The metal-alloy droplets, originating from the WPCB pieces, had different compositions and
could be roughly divided into Cu-rich and Fe-rich alloys. According to the SEM-EDS results, these
droplets contained copper, nickel, lead, tin, and minor traces of gold, silver, and platinum group
metals. Different alloy compositions are commonly found from the same large droplets, as shown in
Figure 4b–d. In was observed that Cu-rich areas were more likely to contain valuable and precious
metals than Fe-rich areas.

Table 1. EDS analysis results (in wt%) of the metal droplets shown in Figure 4a–d.

Area Cu Fe Ni Pb Sn Ag Au

1 95.7 <0.1 0.23 0.8 0.1 0.1 0
2 90.9 <0.1 8.1 0.1 0 0 0
3 0 95.7 0 0 0 0 0
4 42.1 0 0 37.3 16.0 0 0
5 80.9 0 0 0 20.5 0.8 0
6 33.2 32.8 0 4.3 0 0 0
7 2.3 0 0 85.4 0 0 <0.1
8 44.4 57.6 0 0 0 0.4 0
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When observing the WPCB sample results, the melting of the WPCB structure started at the outer
copper layers and moved toward the center of the sample. The WPCB pieces were found to gradually
melt in 2–5 min. After 5 min, WPCB structure seemed to be completely molten and broken down. When
comparing this time to the theoretical results using a lumped capacitance method [31] for calculating
melting time, the experimentally observed melting time of around 5 min seemed appropriate.

3.3. Behavior of Synthetic PCB Samples in the Slag Phase

Figure 5a–d shows micrographs of the synthetic PCB samples. After 25 s, the synthetic sample
remained on top of the molten slag and melted more thoroughly than the WPCB sample at the same
time. The large metal-alloy droplet already started to mix into the slag phase. After longer contacting
times, from 60 to 300 s, basically no further changes took place, but the molten and almost undivided
metal droplets settled through the slag without considerable mixing into the slag or disintegration.
Without the ceramic and plastic fraction of the WPCB samples, the synthetic PCB melted much faster,
and remained as one metal lump settling through the slag. In the WPCB samples, the metallic fractions
were scattered throughout the plastic–ceramic support structure of the circuit board, and therefore a
larger metal droplet most likely formed only when all the individual droplets settled through the slag
layer to the bottom of the crucible.

During the WPCB melting, the complex material layers and their different properties made the
melting process very non-uniform. Copper layers and lead–tin solders melt almost instantaneously,
while ceramic structures and plastic parts take more time to melt, which increases the total melting time.

Figure 5. SEM-BSE micrographs of the synthetic PCB specimens after different melting times. The letters
indicate (a) alloy droplets from PCB, (b) unreacted iron from the slag mixture, (c) liquid slag, and (d) silica
crucible.
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Furthermore, pyrolysis of plastics is also a factor in melting behavior. The ceramic fraction
dissolved into the slag phase, while the plastic fraction was not found in the EDS analyses. Some black,
charred residue was observed in the quenching vessel when opening the gas seal for quenching, which
suggests that the plastic fraction was pyrolyzed and exited into the gas phase during the process.

4. Conclusions

In this study, the behavior of WPCB and synthetic PCB pieces were examined using silica crucibles
that were suspended in a vertical tube furnace. The PCB pieces were dropped on top of a molten slag
bath and given time to melt or react for 25, 60, 120, and 300 s. After each time interval, the sample–
crucible assembly was quenched in ice water, followed by analysis using SEM and EDS.

The most abundant metal in the WPCB scrap was copper, followed by the base metals of lead, tin,
and nickel, plus gold and silver as precious metals; all these metals were found in the metal droplets.
The metallic fraction of the WPCB formed droplets that tended to settle toward the bottom of the silica
crucible due to the density difference between the metals and slag.

The melting time between the WPCB and synthetic PCB were found to be different, mainly due to
the ceramic and plastic parts in the WPCB. The ceramic fraction dissolved into the slag phase, and the
plastic fraction experienced pyrolysis and formed gases, solid carbon-based compounds, or liquid
oils. The additives in the plastic fraction, mainly halogenic fire retardants and possible carcinogenic
compounds, may cause both production and safety problems on an industrial scale and, consequently,
have to be treated properly.

Based on the observations from the micrographs and EDS analyses, the following conclusions can
be drawn:

(1) In this research, 5 min was enough for the samples to completely melt, but the settling process
needs more time. In industrial flash-smelting operations, the amount of WPCB scrap feed is
much higher and the required melting time needs further investigation and simulation.

(2) WPCB materials can be added into the FS process, and the metal fraction melts readily and forms
droplets that settle through the slag layer and mix into the matte phase. However, the ceramic
and plastic fractions of WPCB should be removed before; especially the plastic fraction that may
cause both production and safety problems. The possible pyrolysis or combustion behavior in
the concentrate suspension and slag reduction in the settler also require thorough investigation
before larger quantities of WPCB can be safely used as raw material in an industrial-scale process.
If not removed in a pretreatment process, the pyrolysis products of the plastic fraction would
change the composition of the flue gas, and the recovery and use of flue gas for sulfuric acid
production would be influenced by these organic impurities.

(3) The ceramic fraction of the WPCB dissolves into the slag phase after melting, so the slag volume
increases if WPCB materials are added in larger amounts.

(4) The precious metals (for example Au, Ag, and Pt) in the WPCB enter the matte phase in the
industrial FS process after settling, and they are finally recovered from the anode slime.
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Abstract: In electrolytic production of zinc, the iron levels in the solutions are controlled by
precipitation of jarosite or goethite. These precipitates also co-precipitate unrecovered valuable
metals (Zn, Pb, Cu, Ag) as well as elements of concern (As, Cd, Hg). After stabilization, the residues
are traditionally landfilled. This work investigates pyrometallurgical treatment of jarosite residue to
convert the material into reusable clean slag and to recover the valuable metals within the residue.
The pyrometallurgical treatment is divided into two functional steps. First, the material is melted
in an oxidizing atmosphere, after which the oxide melt is reduced to produce an inert, clean slag.
Then, a liquid metal or speiss phase collects the valuable metals, such as silver. The aim was to
examine the optimal process conditions for reaching the target values for remaining metals in the slag;
Pb < 0.03 wt %, Zn < 1 wt %. As a conclusion, the limiting factor in sulfur, lead, and zinc removal
is the contact between the oxidizing or reducing gas and the molten sample. The mass transfer
and volatile metals removal were significantly improved with a gas lance installation. The improved
gas-liquid interaction enabled the first steps of gas flow rate optimization and ensured the sufficiently
low end-concentrations of the aforementioned elements.

Keywords: jarosite residue; pyrometallurgy; circular economy; slag valorization; metal recovery

1. Introduction

Approximately 85% of zinc worldwide is currently produced via RLE (Roasting-
Leaching-Electrowinning) processes, which generate 0.5–0.9 tonnes of dry jarosite residue for every
tonne of zinc produced, as iron level in the leaching solution is controlled by precipitation [1–3].
The iron precipitation is also possible by producing goethite, paragoethite, or hematite; however,
the jarosite process is used most commonly worldwide [4]. The chemical formula of jarosite
is ZFe3(SO4)2(OH)6, where Z represents either Ag+, H3O+, K+, Li+, Na+, NH4

+, or 1
2 Pb2+ [5].

On an industrial scale, typical cations used for precipitation are Na+, K+, and NH4
+. Jarosite leach

residues may also contain unrecovered base metals (Zn, Pb, Cu), critical elements (In, Ga, Ge, Sb),
precious metals (Ag and Au), and elements of concern (As, Cd, Hg) [2,6,7]. These iron-rich leach
residues are not suitable for use because of their classification as hazardous waste due to the heavy
metals they contain [8].

Landfilling of iron rich sludge is still allowed in many countries; hence, stockpiling the waste
is still commonly practiced [2]. However, the overall goal to improve yields and resource efficiency,
legislative matters, as well as the aim towards a circular economy have increased the interest in
processing these residues into a usable form. The goal is to produce an inert slag that could be used
for construction purposes and, simultaneously, to recover the valuable metals from the residue [9,10].

Metals 2018, 8, 744; doi:10.3390/met8100744 www.mdpi.com/journal/metals337
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Some production sites have already started to treat the generated residues with different pyrometallurgical
technologies [2,11,12].

Several driving forces for process development, including both economic and environmental
aspects, have been recognized. First of all, large amounts of already stockpiled or continuously
produced iron-rich residues could be utilized, for example in road building or other construction
material applications, instead of being disposed of [11,13]. The availability of land for this kind
of hazardous waste landfilling is also limited, and causes additional costs [10,13,14]. In addition,
recycling of the valuable metals within the residues is hindered due to the present practice,
which results in these metals ending up in the landfills. However, the global aim for more efficient
utilization of natural resources necessitates the use of residues as secondary raw material sources [2,10].

Pyrometallurgical treatment of jarosite leach residue has proved to be the most promising
processing route due to its ability to both produce a clean slag and to recover most of the valuable
metals. However, more detailed knowledge of the processing possibilities, as well as the effects of
different processing parameters and variables, are required for process development and optimization.

A computational equilibrium model [15] created with MTDATA software (National Physical
Laboratory, Teddington, UK) [16] and Mtox database (Version 8.2) [17] was used to do a preliminary
scope for suitable conditions for the thermal treatment of jarosite residue. The model [15],
earlier studies [18], and industrial processes [12] have proved that the pyrometallurgical treatment
of this kind of residue can be divided into two functional steps. The first step of the treatment is
conducted under oxidizing conditions to thermally decompose the material, releasing the sulfates
and OH-groups, and to melt the material. During the second step, the formed oxide melt is reduced
and the volatile elements are removed to the gas phase. Thereby, a clean slag and a liquid metal alloy
are formed. The formation of the metal alloy during the reduction stage plays an important role due to
its ability to collect various low-concentration metals from the material, such as Ag, As, and Sb [19].

High-temperature (1400 ◦C) experiments were conducted in a laboratory with industrial jarosite
samples to investigate how to convert the jarosite residue into a clean (Pb < 0.03 wt %, Zn < 1 wt %)
and inert slag product and to determine in what conditions the volatile metals and elements are
extracted from the residue. The pyrometallurgical treatment in laboratory-scale showed that the targets
can be reached with selected process conditions [20]. However, due to the low sample masses in
the earlier study, it was not possible to conduct detailed elemental analyses for the samples. Thus, in this
work, larger sample sizes will be used, allowing full chemical analysis to be performed as well.
Different process parameter (treatment time, gas flow rates, gas lance/no gas lance) values were tested
to determine the optimal conditions for reaching the targeted results.

The microstructures and phase compositions were determined using a scanning electron
microscope equipped with an energy dispersive spectrometer (SEM-EDS). The inductively coupled
plasma-optical emission spectroscopy (ICP-OES) method was used to determine the chemical
composition of the bulk samples.

2. Materials and Methods

High-temperature (1400 ◦C) laboratory-scale experiments were conducted with industrial jarosite
samples (about 15 wt % Fe, 4 wt % Zn, and 3 wt % Pb). The exact initial composition of the test material
is omitted, and it may also have some variation due to the heterogeneous nature of industrial residue.

The test material was dried at 80 ◦C for 18 h to reduce its moisture content. After drying,
the material was homogenized by grinding it manually in a mortar. Pre-treatment of the material was
conducted at 700 ◦C for 15 min in air (65 mL/min) to release some of the OH-groups and sulfates by
thermal decomposition. Several batches of pre-treatments were mixed to obtain a homogenous
material for the experiments. The measured mass losses obtained in the pre-treatments were
compared to previous TGA (thermogravimetric analysis) measurements [15] to verify the sufficiency
of the treatment.
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Figure 1 shows a schematic of the experimental arrangement. Pre-treatments as well as
oxidation and oxidation-reduction experiments were all conducted in a vertical tube furnace
(LTF 16/-/450, Lenton, Nottingham, UK) equipped with an alumina working tube (impervious pure
alumina, 45/38 mm OD/ID). Temperature was monitored with a calibrated Pt/Pt10Rh thermocouple
(Johnson Matthey, London, UK, uncertainty ± 3 ◦C) inside an alumina sheath, connected to multimeters
(models 2000 and 2010, Keithley, Solon, OH, USA). Experimental gases (air: 80% N2, purity 5.0 and 20%
O2, purity 5.0, O2: purity 5.0, Ar: purity 5.0, CO: purity 3.7, CO2: purity 5.3, all from AGA Linde,
Riihimäki, Finland) were injected from the top of the furnace either into the working tube or directly
onto the sample through an alumina rod acting as a gas lance (3 mm ID), see Figure 1. Either rotameters
(air, O2, Ar; Kytola Instruments, Muurame, Finland) or mass flow controllers (CO, CO2; Aalborg
DFC26, USA) were used for regulating the gas flow rates.

Figure 1. Schematic of the experimental arrangement including the vertical tube furnace, gas train,
sample, and gas cleaning system. R = rotameter, FC = mass flow controller, BTS = bromothymol blue.

A gas cleaning system connected to the furnace ensured the safe neutralization or recovery
of the off-gases and volatilized elements. An underpressure pump (LabVac LVH40, Piab, Sweden)
enhanced the gas outflow from the furnace into the gas cleaning system. The first bottle of the system
was empty and was used to prevent the escape of the liquids into the furnace in case of a blockage
in the gas train. The second and third bottles contained H2O and a NaOH solution (6.5 M, 98%
NaOH pellets from J.T.Baker, Phillipsburg, NJ, USA), respectively. BTS indicator (Bromothymol blue,
C27H28Br2O5S, Sigma-Aldrich, St. Louis, MO, USA) was dissolved into the NaOH solution to indicate
the point where NaOH was consumed from the scrubber solution.

The test material was held in dense MgO crucibles (SC10030, 20/75 mm ID/H, Tateho Ozark
Technical Ceramics, Webb City, MO, USA) during the pre-treatments and experiments. The sample was
introduced into the hot zone of the furnace by elevating the alumina rod entering the furnace through
a leak-proof plug at the bottom of the furnace. The sample was lifted to the hot zone under inert
atmosphere (argon) gradually to prevent possible cracking of the crucible, after which the atmosphere
was changed to oxidizing. After an oxidation experiment, the atmosphere was changed back to inert,
and the sample was lowered to the colder section of the furnace for cooling. In the oxidation-reduction
experiments, the atmosphere was directly changed from oxidizing to reducing, and again back to inert
after the reduction stage was completed, followed by lowering of the sample for cooling.

Table 1 shows the experimental parameters used in the experiments. All the experiments were
conducted at 1400 ◦C, as that temperature was previously shown to be required for melting the test
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material with smaller samples [20]. The target was to investigate the optimal conditions for reaching
the desired results and, furthermore, how to enhance the process, for example, by adding a gas lance
to the experimental arrangement.

Table 1. Experimental parameters used in the oxidation and oxidation-reduction experiments.

Sample
ID

Temperature
(◦C)

Oxidation
Time (min)

Oxidizing Gas/Flow
Rate (mL/min)

Reduction
Time (min)

Reducing Gas/Flow
Rate (mL/min)

O
xi

da
ti

on

O1 1400 30 O2/65 - -
O2 1400 60 O2/65 - -
O3 1400 60 O2/130 - -
O4 1400 60 O2/260 - -

O5 1 1400 30 O2/65 1 - -
O6 1 1400 60 O2/65 1 - -

O
xi

da
ti

on
+

R
ed

uc
ti

on

O-R1 1400 60 O2/130 120 CO-CO2 (50:50)/260
O-R2 1400 60 O2/260 120 CO-CO2 (50:50)/260

O-R3 1 1400 60 O2/130 1 120 CO-CO2 (50:50)/260 1

O-R4 1 1400 60 O2/260 1 120 CO-CO2 (50:50)/260 1

1 Gas flow through a gas injection lance.

The first oxidation experiments (O1 and O2) conducted with 65 mL/min oxygen flow rate (STP)
were for testing if 30 or 60 min treating time is needed for efficient sulfur removal. Based on the analysis
results, the next experiments (O3 and O4) were conducted with doubled and quadrupled oxygen flow
rates, respectively, to enhance the removal of sulfur from the material. The 60 min treating time was
selected based on the results, which showed that 30 min treating time is not enough for sulfur removal.
For the experiments O5 and O6, an oxygen gas lance straight above the sample was used to enhance
the contact between oxygen and the sample and, thus, to perform the oxidation stage faster and with
less oxygen.

Desulfurization during the oxidation stage occurs when sulfur in the material combusts and sulfur
dioxide gas is formed as follows:

S + O2 (g) → SO2 (g) (1)

Based on this reaction, the theoretical need of oxygen for complete sulfur removal was calculated.
The 30 min experiments O1 and O5, conducted with oxygen flow rate of 65 mL/min, were performed
with the stoichiometric amount of oxygen. The 60 min experiments with the same oxygen flow rate
(O2 and O6) had oxygen approximately 2 times the stoichiometric requirement. Experiments O3
and O4 had oxygen about 4 and 8 times the stoichiometric need, respectively. The oxidation stage
of the oxidation-reduction experiments was conducted with about 4 times the amount of oxygen
compared to the theoretical need in the experiments O-R1 and O-R3, and with about 8 times the amount
of oxygen in the experiments O-R2 and O-R4. The ratio between the used and stoichiometrically
needed oxygen in each experiment can be expressed as O2 excess factor, and its effect on the sulfur
removal efficiency during the oxidation experiments was investigated.

Oxidation time of 60 min and temperature of 1400 ◦C were used in all oxidation-reduction
experiments. Based on the analysis results of the oxidation experiments, the oxidation stage in these
experiments was selected to be conducted with two different oxygen flow rates; 130 and 260 mL/min
(O-R1 and O-R2, respectively). The reduction time of 120 min was selected based on the earlier study
conducted with smaller samples [20]. The reducing gas used was a 50:50 mixture of CO and CO2 with
a total flow rate of 260 mL/min. For enhancing the removal of zinc and lead from the material to the gas
phase, the experiments O-R3 and O-R4 were conducted with a gas injection lance. Otherwise, the same
experimental conditions were used as in the first oxidation-reduction experiments to demonstrate
the effect of the lance.

The samples casted in epoxy resin were prepared for SEM-EDS analysis using traditional dry
metallographic methods. The polished sections were cleaned in an ultrasonic bath for 15 min in ethanol.
To ensure sufficient electrical conductivity during the analysis, a thin carbon layer was evaporated on
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the sample surfaces with a sputtering device (Leica EM SCD050, Leica microsystems, Wetzlar, Germany).
The microstructure and phase composition were examined with an SEM (Zeiss LEO 1450 W-filament
SEM, Carl Zeiss AG, Oberkochen, Germany) equipped with an EDS (Oxford X-Max 50 mm2,
Oxford Instruments, Oxford, UK). The acceleration voltage was set to 15 kV, and the standards employed
for the main elements were albite (Al and Na, K-series peaks), apatite (Ca, K-series), barite (Ba, L-series),
copper (Cu, K-series), hematite (Fe, K-series), lead (Pb, M-series), olivine (Mg and O, K-series),
pyrite (S, K-series), quartz (Si, K-series), sanidine (K, K-series), and zinc sulfide (Zn, K-series). XPP-ZAF
matrix correction procedure was applied for processing the raw data [21].

The bulk chemical composition of the samples was determined with an ICP-OES apparatus
(iCAP 6000 series, Thermo Fisher Scientific, Pittsburgh, PA, USA). Microwave-assisted digestion of
samples was performed with HNO3, HCl, and HBF4 using a MARS 6 microwave digestion system
(CEM Corporation, Matthews, NC, USA).

3. Results and Discussion

To reach the target S < 1 wt % in the slag after oxidation, sulfur content of the material needs
to decrease 97.2% compared to the dried material. During the oxidation experiments O1–O4, 48.5%,
93.3%, 99.3%, and 99.7% decreases in sulfur content were observed, respectively. In the oxidations O1
and O2, performed with 65 mL/min oxygen flow rate and treating times of 30 and 60 min, respectively,
the targeted sulfur level after the treatment was not reached. Using the amount of oxygen needed
based on the theory, or double that amount, did not result in efficient sulfur removal. In both O3
and O4, the sulfur removal was more efficient, and the target was reached. Thus, four times the amount
of theoretically needed oxygen was enough to remove sulfur to an adequate level.

During the experiments O5 and O6, conducted with the gas lance, the desulfurization was 80.2%
and 97.9%, respectively, compared to that of the dried material. Therefore, the oxygen flow rate of
65 mL/min was not enough with a treating time of 30 min (O5), but with 60 min treatment (O6),
the sulfur concentration decreased below the target value. Thereby, when the gas lance was used,
the amount of theoretically needed oxygen was insufficient for efficient sulfur removal, but twice
that amount resulted in an acceptable level of sulfur in the sample. Evidently, adding a gas lance to
the experimental arrangement considerably enhanced the sulfur removal from the sample. This can also
be seen in Figure 2, where the dependence between the reached decrease in the sulfur concentration
and the O2 factor is depicted. The O2 factor describes how many times the theoretically needed amount
of oxygen (Equation (1)) for efficient sulfur removal was used in an experiment.

Figure 2. The effect of O2 excess factor on the reached decrease in sulfur concentration of a sample.
O2 excess factor describes how many times the theoretically needed amount of oxygen was used.
The target for achieving S < 1 wt % is at 97.2%.
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Table 2 shows the results of the chemical analysis of the bulk compositions conducted with
the ICP-OES method. The results show that most of the lead in the jarosite residue is volatilized into
the off-gases already during the oxidation stage, and silver is fumed into the gas phase during
the reduction stage. In the oxidation-reduction experiments conducted without the gas lance
(O-R1 and O-R2), zinc and the remaining lead are quite effectively fumed during the reduction stage,
but the target levels (Zn < 1 wt %, Pb < 0.03 wt %) in the bulk were not reached. During the experiments
O-R3 and O-R4, conducted with the gas lance, due to the improved gas-liquid interaction, the removal
of zinc and lead was more efficient and the target concentrations were reached. The increasing Mg
content in the slag is mostly due to dissolution of the crucible material.

Table 2. Bulk compositions of the samples based on the chemical analysis results (wt %, rounded to
two decimals). Oxygen concentration of the samples was not determined, and the trace elements have
been omitted.

Sample ID Ag Al Ca Cu Fe K Mg Na Pb Si Zn

Pre-treated 0.02 0.95 4.20 0.28 26.40 0.45 0.23 2.20 5.30 3.60 5.90

O
xi

da
ti

on

O1 0.04 0.67 3.10 0.44 38.70 0.60 1.90 2.70 2.30 2.60 7.10
O2 0.02 1.30 5.70 0.39 29.70 0.53 4.50 3.00 0.11 5.90 4.20
O3 0.02 1.30 5.90 0.39 28.80 0.49 4.60 2.90 0.81 5.50 4.80
O4 0.02 1.30 5.60 0.37 29.20 0.45 4.70 2.70 0.77 5.30 5.20

O5 1 0.03 1.20 5.40 0.39 31.30 0.51 4.10 2.90 0.25 5.50 5.40
O6 1 0.02 1.30 6.10 0.38 28.90 0.48 4.70 3.10 0.29 6.40 3.80

O
xi

da
ti

on
+

R
ed

uc
ti

on

O-R1 0.00 1.40 5.80 0.39 28.90 0.54 6.20 3.00 0.05 5.90 1.40
O-R2 0.00 1.40 5.60 0.38 29.10 0.52 6.50 2.90 0.04 5.80 1.50

O-R3 1 0.00 1.40 5.90 0.35 28.00 0.28 6.80 2.40 0.00 6.50 0.15
O-R4 1 0.00 1.30 5.70 0.35 30.50 0.23 6.80 2.20 0.01 6.20 0.15

1 Gas flow through a gas injection lance.

SEM-microstructure images in Figure 3 show the two main phases formed during the oxidation
stage in oxidation experiments O4 and O6; liquid slag (darker matrix) and solid iron-magnesia-zinc
spinels (medium grey areas). Figure 3B also shows some bright metal phase areas consisting mainly of
lead with some copper, antimony, and silver.

Figure 3. Microstructures of oxidation experiments (A) O4 and (B) O6. The liquid slag phase is
the darker matrix and the solid spinels are the lighter phase areas. The brightest area in (B) is a lead-rich
metal phase.

Since the sample was slowly cooled to room temperature, there is a possibility that the spinels are
formed during cooling. However, the angular shape of the spinels shown in Figure 3A suggests that
the spinels are present at 1400 ◦C in solid form. When the treatment is conducted using the gas lance,
the spinel structure has mostly lost its angular shape (Figure 3B). One possible explanation is the better
mixing of sample material caused by the injection of gases directly onto the sample surface with the lance.
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Figure 4A,B show the microstructure images of oxidation-reduction experiments O-R1 and O-R3,
respectively. Three phases; liquid slag (dark grey matrix), spinels (medium grey areas), and metal or
speiss droplets (light grey and white spots) are clearly distinguishable. The metallic droplets seem to
be mostly attached to the spinels, which apparently has hindered the formation of larger metallic phase
areas during the treatment. The same phenomenon has been reported and investigated, for example,
in copper making conditions [22,23].

Figure 4. Microstructures of oxidation-reduction experiments (A) O-R1 and (B) O-R3. The darker
matrix is the liquid slag phase and the medium grey areas are the spinels. Light grey and white spots
are metal or speiss droplets formed during the reduction stage.

Figure 4B shows that the core and rim of the largest droplet consist of two different phases.
Based on SEM-EDS analyses, the core of the droplet is mainly copper (>90 wt %), whereas the rim
consists mainly of copper sulfide.

The bulk lead and zinc concentrations after oxidation-reduction experiments were plotted in
Figure 5. Two experiments were conducted both with and without the gas lance, employing different
oxygen flow rates (130 and 260 mL/min) during the oxidation stage. The parameters during
the reduction stage were kept constant. The effect of oxygen flow rate is not very dramatic compared
to the effect of the gas lance used.

Figure 5. Lead and zinc concentrations in the bulk samples after oxidation-reduction experiments, as
a function of oxygen flow rate (130 or 260 mL/min) during the oxidation stage. The effect of the gas
lance is quite dramatic.
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The target lead and zinc concentrations after the pyrometallurgical oxidation-reduction treatment
were <0.03 wt % and <1 wt %, respectively. As Table 2 and Figure 5 clearly show, these targets were not
reached with conventional gas introduction into the furnace work tube. The results also indicate that
the effect of oxygen flow rate is quite insignificant at this stage. By far the most significant improvements
were reached with the installation of the gas injection lance, which improved the interaction between
gas and liquid sample material, thus enabling the first steps of experimental parameter optimization
regarding the gas flow rates.

4. Conclusions

Pyrometallurgical treatment as a processing option for jarosite leach residue from
the hydrometallurgical zinc production was investigated with high-temperature laboratory-scale
experiments. Guidelines for the study were obtained from a thermodynamic model [15] and earlier
experiments conducted with small sample sizes [20]. The aim was to study how to conduct
the pyrometallurgical treatment for obtaining a clean slag (Pb < 0.03, Zn < 1, S < 1 wt %) as a product
and to recover the valuable metals from the residue.

Based on the results, it can be concluded that the installation of a top blowing gas injection lance
drastically improves the contact between gas and molten sample material, thus accelerating the mass
transfer of O2. Consequently, the assumption of the mass transfer of O2 being the rate-limiting step
in the oxidation step of the process [20] was confirmed, as the lance enabled more efficient oxidation
and allowed the use of lower gas flow rates. Significantly more efficient reduction was also achieved
by the gas lance installation, as the removal of zinc and lead from the slag was drastically improved.

During this study, the target levels regarding lead, zinc, and sulfur concentrations in the final
slag product were reached. However, the spinel phase appears to hinder the formation of larger
metal or speiss phase areas, which would collect the valuable metals, as the small individual metal
droplets attach preferentially to the spinels. This issue will be investigated in the future by changing
the Fe-Si-Ca ratio of the starting material, and thus the composition of the spinels, or by adding
more copper-containing material into the jarosite residue before the pyrometallurgical treatment.
Changing the composition of the initial feed mixture may also have a reducing effect to the melting
temperature, which would be a step further in optimizing the process conditions.
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Abstract: This paper presents an experimentally-proved hydrometallurgical process for selective
metals recovery from the waste-printed circuit boards (WPCBs) using a combination of conventional
and time-saving methods: leaching, cementation, precipitation, reduction and electrowinning.
According to the results obtained in the laboratory tests, 92.4% Cu, 98.5% Pb, 96.8% Ag and over 99%
Au could be selectively leached and recovered using mineral acids: sulfuric, nitric and aqua regia.
Problematic tin recovery was addressed with comprehensive theoretical and experimental work,
so 55.4% of Sn could be recovered through the novel physical method, which consists of two-step
phase separation. Based on the results, an integral hydrometallurgical route for selective base and
precious metals recovery though consecutive steps, (i) Cu, (ii) Sn, (iii) Pb and Ag, and (iv) Au,
was developed. The route was tested at scaled-up laboratory level, confirming feasibility of
the process and efficiencies of metals recovery. According to the obtained results, the proposed
hydrometallurgical route represents an innovative and promising method for selective metals
recovery from WPCBs, particularly applicable in small scale hydrometallurgical environments,
focused on medium and high grade WPCBs recycling.

Keywords: gold; copper; WPCBs; leaching; physical separation; Tin recovery

1. Introduction

Due to high concentrations of the base and precious metals and their corresponding values,
waste printed circuit boards (WPCBs) represent the most significant part of electronic waste. Hence,
important for WPCBs recycling is increasing from the point of the resource efficiency and sustainable
use of resources, and also from the point of environmental issue [1]. Nevertheless, materials and
components variety makes recycling of WPCBs a very complex and demanding process, which consists
of different pre-processing and end-processing operations.

Therefore, various mechanical operations are suggested as the first step, which helps that
further operations, either pyro- or hydrometallurgical, can be carried out more effectively [2].
In pyrometallurgy, WPCBs recycling is integrated in the base metals production process in which
valuable metals are concentrated in the metal carrier, copper or lead, and subsequently valorized
through series of pyro-hydro-electro refining operations to produce high-purity metals [3,4]. Although
these operations are well-established on the industrial scale, intense marketing activities hinder
environmental risks, and their ecological acceptance is dependent on implementation of high-efficient
off-gas treatment systems, which affects already high capital and operating costs. Therefore,
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pyrometallurgical processes are dependent on the high operating capacities and on the processing
high-grade WPCBs. However, changes in the material composition and recent trends toward
decreasing metals content in the electronic devices may represent serious drawbacks for these
operations in the near future [4]. Recycling technologies lagging behind product designers’ activities
and distance is regrettably increasing.

In contrast, high flexibility and selectivity of the hydrometallurgical operations are offering
possibility for separate metals recovery in early stages of processing. This makes hydrometallurgical
recycling of electronic waste economically feasible even at lower operating capacities. From a
technological perspective, due to morphological similarity between WPCBs and specific “refractory”
copper ores, traditional hydrometallurgical methods are applied for WPCBs recycling as well [5,6].
Thus, in the beginning, hydrometallurgical recycling of WPCBs was focused only on gold and silver
recovery, mainly through simplified variations of the cyanidation process. However, increased
environmental awareness and need for sustainable material management has imposed necessity
for development of more comprehensive metals recovery processes. Accordingly, in the scientific
literature, various studies have been reported, but generally focused on the independent recovery
of the base (BM) [7–9], precious (PM) [10–12], or solder metals [13–15]. However, investigations of
compatibility and possible adverse interactions between consecutive leaching and recovery steps are
scarce. For that reason, in recent years, significant efforts have been made to combine and incorporate
the above mentioned methods in the unique multi-step processing route [16–18]. Since the major
economic driver for WPCBs recycling relies on the efficient PM recovery, most of these processes are
developed following the concept of metals concentration, in which BM are selectively removed in first
stage of processing by mainly using oxidative sulfate solutions [19,20]. Even though the main objective
of this step is leaching of copper, other BM like iron, zinc, nickel, or cobalt are leached as well, reducing
the possibility for any inhibiting effect on the successive PM leaching [19]. Subsequently, leaching
of the gold and silver is performed using cyanides, halides, aqua-regia (AR) or acidic thiosulfate or
thiourea solutions [21]. Over the decades, cyanide leaching represented the dominant method for gold
recovery from primary and secondary sources. In spite of low cost and consumption of cyanides, their
high toxicity generally restricts their implementation in modern WPCBs recycling process. Instead,
usage of the thio-based solutions is emphasized in many recent studies, due to their high selectivity
for precious metals and non-toxicity. However, instability of the thio-based solutions, relatively slow
leaching rates and high consumption makes them less attractive for industrial application. Also, gold
surface passivation as well as insufficiently tested risks for human health additionally complicate their
application. Consequently, in addition to promising results of extraction rate and yield for iodine
leaching, favorable leaching kinetic and ability to effectively prevent any interfering effect caused by
residual BM still make AR one of the main reagents for PM recovery [22].

Nevertheless, even with these great improvements done in the past period, shortfalls in
comprehensive process overview obtained from scaled-up demonstrations are preventing better
understanding of the full-scale system performances. Additionally, even though lead and tin
quantitatively are next in-line to copper, a small number of studies considers these metals of
interest [23].

In response, investigations presented in this study are related to Cu, Pb, Sn, Ag, and Au recoveries,
which are based on quantities and economic importance identified as metals of major interest.
According to the experimental investigation, by implementing a specially designed combination of
simple and time-saving methods (leaching, cementation, precipitation, reduction and electrowinning),
Cu, Pb, Ag, and Au could be successfully leached and recovered through three consecutive steps
using mineral acids (sulfuric, nitric and aqua regia). In addition, the simple mechanical method
of coagulation, gravitation concentration, and filtration for Sn recovery from WPCBs is introduced,
improving the overall metals recovery rate. Obtained results were used for definition of an improved
multi-step hydrometallurgical processing route tested at scaled-up laboratory level, confirming the
process feasibility and the metals recovery efficiencies.
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2. Materials and Methods

2.1. Materials

In the presented research, 100 kg of mechanically treated WPCBs were provided by a local
electronic waste recycler. Material was obtained after primary crushing in the cross-flow QZ® chain
mill equipped with the magnetic separator and secondary shredding in the Meccanoplastica® cutter.
Chemicals used in the laboratory tests were p.a. (pro analysi) certified, while chemicals used in the
scaled-up laboratory test were technical grade.

2.2. Analytical Methods

Chemical composition of WPCBs and solid products was determined by X-ray fluorescence
spectrometry (XRF) using Thermo Scientific ARL Quant’x EDXRF Spectrometer. Chemical composition
of pregnant leaching solutions (PLS) and solutions after metals recovery (MRS) was determined by
atomic absorption spectrometry (AAS) using Perkin Elmer 4000 spectrometer. Phase composition
and material morphology was analyzed by X-ray diffraction analysis (XRD) and scanning electron
microscopy (SEM) using Philips PW-1710 difractometer and Mira3 Tescan microscope.

Chemical composition of WPCBs was determined after thermal treatment of three samples,
each weighing 1.00 kg, in medium induction furnace (reduction conditions, at 1250 ◦C for 1 h) in which
organic fraction was burned (loss on ignition), oxides together with other slag-forming compounds
were transferred to slag phase, and metals were collected in melt (M◦ state). Obtained fractions
were measured and analyzed, and chemical composition was determined as average value of three
analyses. For this analysis, the slag phase was grinded to a particle size <100 μm to support a
representative measurement.

Due to high heterogeneity of investigated material, the leaching degree was determined by
material balance method [19]:

Metalleaching efficiency, % =
Metalextracted into leaching solution

Metalextracted in leaching solution + Metalin solid residue
× 100 (1)

Concentration of metals in PLS and MRS was determined directly by AAS. Concentration of
targeted metal in leaching residue was determined by AAS after leaching of residue in hot AR solution.

2.3. Experimental Methods

Development of the integral hydrometallurgical process for selective base and precious
metals recovery from WPCBs was performed through theoretical and experimental investigations,
which included simulation and modeling of the leaching reactions, laboratory tests, and scaled-up
laboratory testing (Figure 1).

Figure 1. Process development methodology.
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2.3.1. Simulation of Leaching Reactions

Theoretical analysis of the thermodynamic characteristics of selected leaching reactions was
performed as the first step, to obtain more comprehensive overview of the highly-complex reaction
system and to define major processing steps and their relative order. Therefore, analysis of phase
stability of the metals and their possible chemical reactions (based on Pourbax, Eh-pH, diagrams)
with common mineral acids, sulfuric, nitric and hydrochloric, in predefined temperature range,
was performed using HSC Chemistry software [24].

2.3.2. Laboratory Tests

Leaching tests were performed in order to investigate influence of time, temperature, leaching
and oxidizing agent concentration, solid:liquid (S/L) ratio, and stirring rate on leaching degree.

Cu leaching tests were performed through oxidative sulfate leaching, using 2 mol/dm3 solution
of H2SO4 with continuous H2O2 addition (30 vol. %) as oxidizing agent. Electrowinning tests (EW)
for Cu recovery were performed to investigate influence of the process control, current density and
temperature, with and without mixing. Ag cementation tests were performed using Cu powder (1.5 g,
100 wt. % excess, purity >99.5%, <125 μm,). Tests were performed in order to investigate influence
of the temperature under fixed time (30 min) and pH (2.2–2.4). Adjustment of pH was performed
by adding Na2CO3 into solution [25]. Sn recovery was performed by a two-step phase separation of
micron-sized, coarse, suspended particles of stannic acid obtained during Cu leaching step. Extracted
stannic acid is probably a mixture of α- (H2SnO3) and β- modifications (SnO2 × xH2O). In this step,
PLS after Cu leaching was filtered through coarse cellulose filter, pore size 38–75 μm, separating solid
residue and solution containing suspended particles. Subsequently, fine suspended particles were
extracted using laboratory centrifuge.

Pb and Ag leaching tests were performed using HNO3 at fixed temperature (80 ◦C) and
stirring rate (300 rpm) [23]. Tests were performed using sample of WPCBs after liberation of BM
through oxidative sulfate leaching. Pb and Ag recovery from leaching solution was performed by
chemical precipitation using excessive amount of 4 mol/dm3 NaCl solution (100% molar excess),
at room temperature.

Au leaching was performed using standard AR solution, a mixture of nitric and hydrochloric
acid with 1:3 molar ratio. Knowing that an increase of temperature tends to give faster Au leaching
rates, the test was performed at 60 ◦C, which is adopted as upper temperature level, above which
decomposition reactions and evaporation of AR are intensified [22]. Au leaching kinetic was
investigated by measuring the concentration of Au in solution, in intervals of 30 min for total of
180 min of leaching. Tests were performed using sample of the WPCBs liberated from the major metals
presence, which is obtained after dissolution in 50 vol. % HNO3. Due to rapid decrease in apparent
density after dissolution of metals, S/L ratio was changed (increased) to 500 g/dm3. Au recovery
from leachate was performed by chemical reduction using an excessive amount of FeSO4 (0.2 g,
100 wt. % excess).

Due to low initial content, other valuable metals like Ni, Co, and Pd were not of interest in this
study, though chemical behavior is known.

Laboratory tests were performed in three-neck glass reactor, 2 dm3 volume, equipped with
condenser, stirrer, pH and temperature control, and chemicals addition system. Depending on the S/L
ratio, a different amount of the WPCBs sample was leached with 1 dm3 of the corresponding leaching
agent. Laboratory galvanostatic polarization tests were performed using a Potentiostat/Galvanostat
Bank STP 84. Two-electrodes configuration, Cu foil as cathode and PbSb7 as anode with same surface
area of 3 cm2 were used. For enlarged laboratory EW tests, system of parallel-connected monopolar
electrodes placed in rectangular electrolytic cell, with 2 dm3 volume, equipped with heater and stirrer
was used. A system of 10 cathodes (Cu sheet) and 11 anodes (PbSb7) with the same surface area,
50 × 60 × 1 mm, and electrode distance 20 mm, was used. A rectifier with maximum capacity of 100 A
and 40 V was used as DC source. For electric measurements, an HP 3466a multimeter was used.
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2.3.3. Scaled-up Laboratory Test

Scaled-up test was performed using 5 kg of WPCBs sample, through consecutive reproduction of
process parameters of each leaching and recovery step.

Leaching, chemical precipitation, and reduction were performed in glass-leaching rector, effective
volume 30 dm3, equipped with stirrer, chemicals addition system, temperature control, and condenser
coupled with off-gas washing system. EW recovery of Cu was performed in polypropylene electrolytic
cell—volume 15 dm3, cathode surface 150 mm × 100 mm, electrodes distance 30 mm, equipped with
heating tank, volume 80 dm3, and electrolyte recirculation system. Same DC source, 100 A and 40 V,
as in galvanostatic laboratory tests, was used. Phase separation was performed using acid-resistant
trommel screen (<105 μm) and plate and frame filter press. Process efficiency of each consecutive
leaching step was followed by AAS, analyzing concentration of targeted metal in leachate aliquot in
time interval of 30 min, until constant value of concentration.

2.4. Development of the Process Flow Sheet

Based on the results obtained in previous stages, an integral multi-step hydrometallurgical
processing route for selective base and precious metals recovery was developed. The process flow
sheet with overall mass balance and efficiency of each processing step is presented. Also, improvements
related to innovative two-step separation method for Sn recovery is presented.

3. Results

3.1. Material Characterization

Physical–chemical characterization included determination of chemical composition (Table 1),
content of magnetic fraction (2.3 wt. %), and moisture (1.71 wt. %), bulk density (889 kg/m3) and
particle size distribution (Scheme 1).

Table 1. Chemical composition of mechanically treated WPCBs.

Material Share Unit

Metals

Cu 25.51 wt. %
Sn 3.57 wt. %
Pb 2.47 wt. %
Zn 2.18 wt. %
Fe 0.85 wt. %
Ni 0.18 wt. %
Al <0.1 wt. %
Sb 960 ppm
Co 620 ppm
Ag 6800 ppm
Au 203 ppm

Glass/Ceramic

SiO2 21.94 wt. %
Al2O3 6.16 wt. %
TiO2 0.88 wt. %
Na2O 0.14 wt. %

Polymer ~35 wt. %
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Scheme 1. Particle size distribution.

Results obtained by sieve analysis suggest that material is suitable for hydrometallurgical
processing as only 7 wt. % of the complete sample consists of particles bigger than 5.00 mm (coarse
fraction), whereas less than 10 wt. % are particles smaller than 0.63 mm (dusty fraction).

Considering the generally adopted methodology by which WPCBs are categorized into several
groups depending on the gold content, it may be concluded that used material is on threshold for
medium and high grade (minimum content 200 ppm) [1,26]. Additionally, very low amounts of Fe
and Al suggest on efficient magnetic separation as well as that aluminum parts were most probably
extracted prior to mechanical treatment, i.e., during the processor’s dismantling and removal of cooling
and housing parts.

3.2. Simulation of Leaching Reactions

Stability of the different phases of metals was determined as a function of the electrochemical
potential (Eh) and the pH, which are major parameters for determination of the conditions required
for the leaching process. Pourbaix (Eh-pH) diagrams are presented on Figure 2.

(a) (b)

Figure 2. Cont.
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(c) (d)

(e) (f)

(g) (h)

Figure 2. Pourbaix diagrams (Eh-pH) for 1 mol/dm3 (metal)/kg H2O and Pθ: (a) Cu; (b) Zn; (c) Fe;
(d) Ni; (e) Co; (f) Sb; (g) Sn and (h) Pb.

Figure 2a–d show the stability regions of Cu, Zn, Fe and Ni, respectively. As presented, the stability
of soluble ionic phase, M(2+a), of said metals is influenced by both Eh (>0.0 V) and pH (<3). In negative
regions of electrochemical potential (Eh < 0.0), metallic forms are stable, while at pH > 3, various
combinations of oxides, hydroxides, and oxyhydroxides are stable. On the contrary, the soluble form
of Co is highly influenced by electrochemical potential, where in only a small region of Eh in between
1.0–1.5 V of Co(2+a) is in stable phase, whereby this region narrows as pH increases(Figure 2e). A similar
situation is observed in the case of Sb, Figure 2f, with the exception that in complete pH range and Eh
in between 0.5–1.0 V, various oxides of Sb are stable.

According to the results presented in Figure 2g,h, both Sn and Pb have soluble forms within
certain regions of pH (>6) and Eh in between 0.0–0.5 V. However, unlike Pb, which has stable soluble
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phase Pb(2+a) at pH < 4 and Eh > 0.0 V, for almost all values of pH and Eh > 0.0 V, the stable phase of
Sn is SnO2.

On contrary to Au, where the phase stability analysis confirmed its limited solubility, i.e., in most
regions Au form is dominate, analysis of the phase stability of Ag, Figure 3a, showed that soluble form
is influenced with highly oxidative conditions and may be achieved at Eh > 1.0 V and pH < 4.

(a) (b)

Figure 3. Pourbaix diagrams (Eh-pH) for 1 mol/dm3 (metal)/kg H2O and Pθ: (a) Ag; (b) Au.

During the calculations, it was determined that temperature (if changed from 25 to 80 ◦C) and
concentration (if changed from 1/10 to 1/100 mol/dm3/kg H2O) does not have significant influence
on the type of phase in which stability prevails, but only on the stability region, shifting the regions
insignificantly to higher or lower values of pH and Eh. This is the reason why figures for different
temperatures and concentrations were excluded.

Since investigations of phase stability showed that the majority of investigated metals have their
soluble forms in acidic (pH < 4) and oxidative (Eh > 0.0) regions, further theoretical investigations
were focused on thermodynamic modeling of the possible chemical reactions of the metals with the
selected acidic leaching agents: sulfuric, nitric, and hydrochloric acid.

Accordingly, values of standard-state free energy (ΔGθ) for reactions of metals with H2SO4 and
H2O2, within the predefined temperature range (25–80 ◦C), are presented in Table 2.

Table 2. ΔGθ for reactions of metals with H2SO4 and H2O2.

Leaching Reaction
ΔGθ

298 ΔGθ
353

kJ·mol−1

Me * + H2SO4 + H2O2 → Me * SO4 (a) + 2H2O <0 <0 (1)
Pb + H2SO4 + H2O2 → PbSO4 (s) + 2H2O −477.19 −474.60 (2)

Sn + 2H2O2 → H2SnO3 (s)+ H2O −753.80 −749.11 (3)
Sn + H2SO4 + H2O2 → SnSO4 (s) + 2H2O −572.90 −570.56 (4)

2Ag + H2SO4 → Ag2SO4 (a) + H2(g) 71.02 65.89 (5)
2Ag + H2O2 → Ag2O (s) + 2H2O −127.19 −127.70 (6)

Ag2O + H2SO4 → Ag2SO4 (a) + H2O −155.42 −154.93 (7)

* Me = Sb, Zn, Fe, Co, Ni, Cu—in reaction priority order (decreasing negative value ΔGθ); (a) = aqua; (s) = solid;
(g) = gas.

Analyzing the results presented in Table 2, negative values of ΔGθ for Equation (1) suggest
that H2SO4-H2O2 could represent a suitable system for BM leaching. Also, a slight decrease of
ΔGθ suggests that in the investigated temperature range, its increase has a positive effect on BM
leaching kinetic. However, according to values of ΔGθ for Equations (3) and (4), in an oxidative
sulfate system, the reaction of Sn with H2O2 is dominant, resulting in intensive oxidation of Sn in
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highly stable hydrolyzed tin (IV) oxide, H2SnO3, and/or SnO2 × xH2O. In addition, although reaction
between metallic Ag and H2SO4 is disfavored according to Equation (5), a reaction may be expected
as a result of partial oxidation of Ag, since Ag2O may be subsequently dissolved in H2SO4 (refer to
Equations (6) and (7)).

Values of standard-state free energy of possible chemical reactions of metals with HNO3 and HCl,
within the predefined temperature range (25–80 ◦C) are presented in Tables 3 and 4.

Table 3. ΔGθ possible chemical reactions of metals with HNO3.

Leaching Reaction
ΔGθ

298 ΔGθ
353

kJ·mol−1

aMe * + bHNO3 → aMe * (NO3)2 (a) + cNO2 (g) + dH2O <0 <0 (8)
Sn + 4HNO3 → SnO2 (s) + 4NO2 (g) + 2H2O −462.95 −492.19 (9)

Sn + 4HNO3 → Sn(NO3)2 (a) + 2NO2 (g) + 2H2O −310.52 −319.70 (10)
2Sb + 6HNO3 → Sb2O3 (s) + 6NO2 (g) + 3H2O −408.56 −445.91 (11)

* Me = Fe, Zn, Pb, Co, Ni, Cu, Ag—in reaction priority order (decreasing negative value ΔGθ); a, b, c, d, x,
y—stoichiometric coefficients; (a) = aqua; (s) = solid; (g) = gas.

Table 4. ΔGθ possible chemical reactions of metals with HCl.

Leaching Reaction
ΔGθ

298 ΔGθ
353

kJ·mol−1

Me * + 2HCl → Me ** Cl2 (a) + H2 (g) <0 <0 (12)
Pb + 2HCl → PbCl2 (s) + H2 (g) −58.82 −68.60 (13)

2Ag + 2HCl → 2AgCl (s) +H2 (g) 35.92 22.12 (14)
2Sb + 6HCl → 2SbCl3 (a) + 3H2 (g) 58.70 41.63 (15)

Cu + 2HCl → CuCl2 (a) + H2 (g) 81.59 71.60 (16)
Au + 4HCl → [AuCl4]− (a) + 4H+ (g) 420.42 420.85 (17)

2Cu + 4HCl (a) + O2 (g) = 2CuCl2 (a) + 2H2O −352.38 −341.75 (18)
Au + 4HCl + O2 (g) → [AuCl4]− (a) + 2H2O 84.48 100.85 (19)

* Me = Zn, Sn, Ni, Fe, Co—in reaction priority order (decreasing negative value ΔGθ); a, b, c, d, x, y—stoichiometric
coefficients; (a) = aqua; (s) = solid; (g) = gas.

Analysis of possible chemical reactions of metals with HNO3 and negative values of ΔGθ

for Equation (8) indicate spontaneous character of reactions which means that all BM including
Ag can be easy dissolved in HNO3. However, comparing the values of ΔGθ for the reactions
Equations (9) and (10), the dominant reaction of Sn with HNO3 is intensive oxidation to highly stable
SnO2 × xH2O. An analogue situation is observed in the case of Sb, where oxidation to Sb2O3 represents
the dominant reaction, as in Equation (11).

In case of HCl, negative values of the ΔGθ calculated for the reactions defined with
Equations (12) and (13) indicate that Sn along with other BM (Pb, Zn, Fe, Ni, Co) may be dissolved
in HCl. However, comparing the values of the ΔGθ, Equations (16)–(19), leaching of Au and Cu is
dependent on the presence of an oxidizing agent. In addition, the low value of ΔGθ for the reaction of
Ag with HCl, as in Equation (14), points out that the transformation of Ag to stable solid salt AgCl
may occur.

In line with the results obtained after theoretical reconsiderations, it may be concluded that the
majority of investigated metals may be leached using the aforementioned mineral acids. However,
the obtained results indicate that the main drawback is related to the limited selectivity in this highly
complex system, which is the consequence of the different hydrometallurgical behaviors and properties
of metals contained within WPCBs. This eventually may influence overall process selectivity, if priority
of leaching operations is not designed properly.

Contrary to the high selectivity of H2SO4 for BM leaching, the ability of HNO3 to dissolve the
majority of metals can be seen as a disadvantage rather than an advantage, because in subsequent
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recovery steps, multi-metal composition of PLS highly complicates their selective recovery. On the
contrary, usage of HCl showed better properties in terms of selectivity, i.e., possibility for selective
recovery of Pb and Sn. However, the main disadvantage is related to the possible transformation
of Ag to highly stable AgCl, which is why this leaching operation should be performed only after
Ag leaching.

These findings were essential for the definition and relative order of hydrometallurgical operations.
Accordingly, implementation of successive leaching steps using H2SO4, HNO3 and AR may result in
selective recovery of BM, Pb and Ag, and lastly, Au. Additionally, due to the fact that successive usage
of H2SO4-HNO3-AR does not require significant adjustments of pH, laboratory tests investigating
possibility of selective metals recovery from mechanically treated WPCBs were organized as follows:

• Oxidative sulfate leaching of BM, specially referenced to Cu leaching and recovery,
was investigated as the first processing step,

• Following the Cu recovery and removal of other BM, leaching and recovery of Pb and Ag using
HNO3 was investigated as a second processing step,

• Au recovery using AR solution was investigated as the last processing step.

3.3. Laboratory Tests

3.3.1. Cu Leaching and Recovery

Influence of various process parameters on Cu leaching efficiency is presented on Figure 4a–d.

(a) (b)

(c) (d)

Figure 4. Influence of various process parameters on Cu leaching efficiency: (a) temperature; (b) H2O2

addition; (c) stirring rate; (d) S/L ratio.
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Considering the positive effect on leaching kinetic determined in the theoretical analysis, influence
of temperature was investigated in the range of 50–80 ◦C. As seen from results presented in Figure 4a,
temperature has no significant influence on overall process efficiency, giving the high leaching
efficiencies for all analyzed temperatures. However, in terms of leaching kinetic, the highest leaching
rate was obtained at 70 ◦C. Due to rapid decomposition of H2O2, further temperature increase had no
significant impact on the Cu leaching efficiency.

Investigating the influence of oxidizing agent addition, as presented in Figure 4b, Cu leaching
efficiency increases with the increase of H2O2 concentration, as a result of oxygen produced from the
decomposition of H2O2 and which acts as oxidant in the reaction with metallic Cu.

Figure 4c shows that an increase of the stirring rate has a positive impact on Cu leaching efficiency.
This may be a consequence of the complex and composite structure of WPCBs, where in the case of
inappropriate mixing of suspension, heavier, metal-bearing particles are remaining at the bottom of
the reactor, covered with lighter particles of non-metallic materials, affecting the metal’s accessibility
to the leaching agent. Due to highly achieved leaching efficiency, the further increase of stirring rate
was not investigated.

Investigation of S/L ratio influence on Cu leaching efficiency, presented in Figure 4d, revealed that
S/L ratio has no significant effect on overall leaching efficiency, but only on leaching kinetic, meaning
that lower S/L ratio allows achievement of the same Cu leaching efficiency in shorter leaching time.

From the presented experimental results, it can be summarized that optimum conditions for Cu
leaching using 2 mol/dm3 H2SO4 solution as leaching agent, are as follows: temperature of 70 ◦C, S/L
ratio of 200 g/dm3, H2O2 addition 40 cm3/h, time of 5 h, and stirring rate of 300 rpm. By applying
these conditions, achieved Cu leaching efficiency was 95.4%.

Sn Recovery

High concentration of fine suspended particles, present in most Cu leaching suspensions,
was identified as the main reason for difficulties faced during the phase separation process. To further
investigate this phenomenon, suspension obtained after the leaching test yielding highest Cu recovery
was subjected to two-step phase separation, consisting of filtration and centrifugal separation.
After washing and drying, morphology, phase composition, and chemical composition of extracted
suspended particles was subjected to SEM, XRD, and XRF analysis. According to obtained results
presented in Figures 5 and 6 and in Table 5, it was determined that the basis of extracted suspended
particles represent Sn in the form of agglomerated stannic acid particles smaller than 1 μm.

(a) (b)

Figure 5. SEM micrographs of extracted suspended particles under different magnifications: (a) 1000×;
(b) 50,000×.
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Figure 6. XRD pattern of extracted suspended particles.

Table 5. Chemical composition of extracted suspended particles.

Element Fe Cu Zn Sn * Pb Non-Metallic

Amount, % 0.31 0.24 0.36 82.53 3.46 balance

* as stannic acid.

Presented results confirm theoretical findings that in an oxidative sulfate system, transformation
of Sn in highly stable stannic acid is the dominant reaction. Additionally, according to mass balance,
it is calculated that 55.4 wt. % of total Sn contained in investigated WPCBs may be easily extracted in
form of mixture of H2SnO3 and SnO2 × xH2O.

Ag Cementation

Cementation of Ag was investigated using leaching solutions from the last three tests of Cu
leaching (Figure 4d influence of S/L). Content of Ag in solutions prior and after cementation,
as average value of three different measurements, as well efficiencies of cementation process at
various temperatures, are presented in Table 6.

Table 6. Degree of Ag cementation by Cu powder.

CAg Prior Cementation,

mg/dm3 Temperature, ◦C
CAg after Cementation,

mg/dm3 Efficiency, %

11.85 20 <1 >95
26.01 30 4.57 82.43
29.91 40 12.10 59.55

As presented, the best results for Ag cementation were obtained at room temperature. Notable
decrease in process efficiency on higher temperatures, 30 ◦C and 40 ◦C, most probably come from
intensified dissolution of Cu powder. According to AAS analysis, Ag concentration in the leachates
after Cu leaching step is in range of 11.85–29.91 mg/dm3, indicating that, comparing to total content
of Ag in WPCBs, on average 3.10 wt. % of Ag may be expected in solutions after Cu leaching.
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EW Recovery of Cu

In the final phase of Cu leaching and recovery, laboratory tests for Cu electrowinning from leaching
solution were performed. The tests were performed for 2 h. According to the results presented in
Table 7, most adequate parameters for scaled-up Cu EW recovery, considering the Cu quality and
current efficiency, were adopted as follows: 2.2 V, 250 A/m2, 40 ◦C, and 100 rpm. Under these
conditions, Cu concentration in electrolyte prior and after EW was 48.43 g/dm3 and 32.25 g/dm3,
respectively. Concentration of Fe in electrolyte was 1.68 g/dm3 and virtually unchanged during the
process. According to results of XRF analysis, in obtained Cu deposits, only presence of Fe and Ni
were detected. Ni concentration in all analysis was below 20 ppm. Copper recovery was enhanced by
the second stage of the EW process. It was performed with ic = 135 Am−2 until the Cu concentration
of 2 g/L. The obtained cathode deposit has lower purity (<99% Cu) but can be used for anode casting
and further refined up to >99.97 wt. % Cu by standard procedure for electrorefining [27].

Table 7. Investigated EW process parameters.

Cathodes Cu Foil Cu Sheet

ic, A/m2 150 300 300 450 200 250 300
U (cell), V 1.93 2.12 2.04 2.38 2.1–2.2 2.2–2.3 2.2–2.4

Current efficiency, % 94 89 92 85 93 91 88
Stirring, rpm No No 100 100 100 100 100

Temperature, ◦C Room Room 40 40 40 40 40

Chemical composition of deposit/%

Cu 99.98 99.77 99.92 99.78 99.93 99.91 99.87
Fe n/a 0.153 0.056 0.192 0.043 0.059 0.078

3.3.2. Pb and Ag Leaching and Recovery

Figure 7a–d represents the influence of various process parameters on Pb and Ag leaching efficiency.
As presented in Figure 7a, acid concentration significantly impacts leaching efficiency, Ag in

particular. Increasing the HNO3 concentration to 8 mol/dm3, after 60 min of leaching, achieved
efficiency for Pb and Ag was over 98% and 87%, respectively.

(a) (b)

Figure 7. Cont.
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(c) (d)

Figure 7. Influence of various process parameters on Pb and Ag leaching efficiency: (a) HNO3

concentration; (b) leaching time; (c) S/L ratio on Pb leaching efficiency; (d) S/L ratio on Ag
leaching efficiency.

Figure 7b shows influence of leaching time, revealing that prolonging the process duration for
more than 120 min has no influence on already high Pb and Ag leaching efficiencies. Based on this
conclusion and high achieved efficiencies for Pb and Ag leaching within first 120 min, leaching time of
2 h was adopted as optimal.

Figure 7c,d shows that S/L ratio has no significant influence on Pb and Ag leaching efficiency.
The probable reason for obtained high efficiencies comes from the significant decrease of apparent
density after removal of all base metals, from 889 to 520 kg/m3, and which consequently allows better
mixing of suspension.

From the presented experimental results, it can be summarized that best results for Pb and Ag
leaching were achieved using 8 mol/dm3 HNO3, temperature of 80 ◦C, S/L ratio of 500 g/dm3, time of
2 h, and stirring rate of 300 rpm. By applying these conditions, achieved Pb and Ag leaching efficiency
was 98.5% and 96.8%, respectively.

Selective precipitation of PbCl2 and AgCl was performed using solution after the last leaching
test with highest S/L ratio (500 g/dm3), by adding an excessive amount of 4 mol/dm3 NaCl solution
at room temperature. Comparing the concentration of these metals in PLS and MRS, presented in
Table 8, efficiency of recovery process is calculated to over 99%.

Table 8. Pb and Ag concentration of PLS and MRS.

PLS, g/dm3 MRS, mg/dm3 Efficiency, %

Pb 16.17 91.11 99.40
Ag 4.31 17.40 99.60

3.3.3. Au Leaching and Recovery

Figure 8 shows the relationship between Au leaching efficiency versus time, under constant
temperature (60 ◦C) and stirring rate (300 rpm). As presented, no change of Au concentration in AR
solution was detected when leaching time was extended more than 120 min, suggesting that under
assessed process parameters leaching time has no significant influence on Au leaching efficiency.
Moreover, AAS analysis, after repeated dissolution of the solid residue in freshly prepared hot AR
solution, suggest that under applied process parameters (60 ◦C, 2 h, S/L ratio 500 g/dm3, 300 rpm)
full dissolution (exceeding 99%) of Au was achieved.
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Figure 8. Influence of leaching time on Au leaching efficiency.

Gold recovery from AR solution was performed by chemical reduction using excessive amount of
FeSO4 (0.2 g, 100 wt. % excess), at room temperature. According to the AAS analysis of solution after
reduction, particles settling and phase separation, Au concentration in solution was below detection
limit (1 ppm), proving the expected high efficiency, over 99%. The SEM micrograph of the obtained
Au powder, consisted from agglomerated fine particles, is presented on Figure 9.

Figure 9. SEM micrograph of reduced Au particles.
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3.4. Scaled-up Laboratory Test

Integration of processing steps in selective multi-step hydrometallurgical route for comprehensive
metals recovery from WPCBs was tested on scaled-up laboratory level, through consecutive steps,
as follows:

(i) Cu leaching and recovery: Oxidative sulfate leaching followed by Ag cementation and EW
recovery of Cu, reproducing previously defined process parameters, was performed as first leaching
and recovery stage. Overall Cu leaching and recovery efficiency of 92.5% was achieved after 10 h of
leaching and 12 h of EW recovery stage,

(ii) Partial Sn recovery: In this recovery step, solution after Cu leaching preceding the Ag
cementation and EW, was primarily filtered using acid-resistant trommel screen, mesh 150 (<105 μm),
separating solid residue and solution containing suspended particles of stannic acid. Afterwards,
solution was subjected to coagulation, by adding 0.2 vol. % of commercial coagulant, Brenntamer
A3322®, concentration 1 g/dm3, in PLS at room temperature and constant stirring, 100 rpm.
After settling of coagulated particles, solution was filtered using filter press, separating purified
leachate from Sn-enriched residue,

(iii) Pb-Ag recovery: Leaching and recovery of Pb and Ag using HNO3 followed by NaCl
precipitation, was performed as the third processing step by applying process parameters defined in
laboratory tests, using solid residue after Cu leaching,

(iv) Gold recovery: Finally, gold leaching using AR solution from solid residue after Pb–Ag
recovery, by applying process parameters adopted as optimal, followed by reduction using ferrous
sulfate, was performed as the last leaching and recovery step.

According to mass distribution and chemical composition of all obtained products and solutions
after the scaled-up laboratory test, efficiency of each processing step was determined and presented in
Table 9.

Table 9. Mass distribution, chemical composition of products, and process efficiencies.

Product
Mass Efficiency Cu Pb Sn * Ag Au

g % wt. %

Coagulated Sn 232.10 54 0.14 6.41 57.55 n.d. n.d.
Ag cement 7.20 >95 81.93 0.02 0.02 16.89 n.d.

Cathode Cu 1180.00 >92 99.71 0.04 0.08 n.d. n.d.
PbCl2 and AgCl precipitate 155.10 >98 n.d. 79.33 0.07 20.60 n.d.

Au powder 0.92 >98 n.d. n.d. n.d. n.d. >99.9

n.d.—not detected; * as stannic acid.

3.5. Development of the Process Flow Sheet

Based on all obtained results, integral multi-step hydrometallurgical process for selective base
and precious metals recovery was developed (Figure 10). Overall process efficiency as well as mass
distribution is also presented.
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Figure 10. Process flow sheet for integral multi-step hydrometallurgical method for selective base and
precious metals recovery from WPCBs.

4. Conclusions

In this study, presented integral multi-step technological route for the selective base and precious
metals recovery from WPCBs is experimentally proved. As determined, by implementing simple and
time saving methods (leaching, cementation, precipitation, reduction and electrowinning), Cu, Sn, Pb,
Ag, and Au could be successfully recovered through the consecutive processing steps.

In the first stage, Cu was leached using 2 mol/dm3 H2SO4 solution in the presence of H2O2 and
subsequently recovered by EW, with the overall process efficiency of 92.4%. Additionally, around
3.10% of the total Ag leached during this leaching step was recovered by cementation with efficiency
exceeding 95%. In the second stage, after 2 h, 98.5% Pb and 96.8% Ag were leached using 8 mol/dm3

solution of HNO3 at 80 ◦C, and recovered by precipitation using NaCl, with efficiency that exceeds
99%. In the third stage, over 99% of gold was leached using AR solution and completely recovered
from the PLS by chemical reduction using FeSO4. In addition, by implementing the innovative method,
consisting of the two-step phase separation of suspension after Cu leaching, 55.4% of Sn may be
recovered in the form of highly stable hydrolyzed tin (IV) oxide.

363



Metals 2018, 8, 441

According to the results of the scaled-up laboratory test, in addition to the demonstrated
high efficiencies of each consecutive step, which were over 92% for Cu and over 95% for Pb–Ag
and Au recovery, implementation of the novel method for partial Sn recovery was tested as well.
Although preliminary process efficiency was limited to 55%, technological simplicity of the novel
method indicates possibility for further improvement of process efficiency, yielding the material with
significantly increased Sn content.

Recovery of major beneficial metals, Cu, Sn, Pb, Ag and Au, followed by production of minimal
waste materials with known character, represents great advantage of presented technological route
which is of the highest importance for the lower operating capacities. Further analysis of the process
economy could give a more comprehensive overview if such a process represents a promising
alternative for the present status dominated by the pyrometallurgical sector.
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Abstract: Indium and silver are technologically important, critical metals, and in the majority of cases,
they are extracted as a by-product of another carrier metal. The importance of indium has seen recent
growth, and for technological reasons, these metals can be found in industrial residues from primary
zinc production, such as the iron precipitate—jarosite. To secure the supply of such metals in Europe,
and with the idea of a circular economy and the sustainable use of raw materials, the recycling of
such industrial residues is coming into focus. Due to the low value of jarosite, the focus must lie
simultaneously on the recovery of valuable metals and the production of high-quality products
in order to pursue an economical process. The objective of this article is to give the fundamentals
for the development of a successful process to extract the minor elements from roasted jarosite.
As such, we use thermodynamic calculations to show the behavior of indium and silver, leading to
a recommendation for the required conditions for a successful extraction process. In summary,
the formation of chlorine compounds shows high potential to meet the challenge of simultaneously
recovering these metals together with zinc at the lowest possible energy input.

Keywords: indium; silver; jarosite; recycling; industrial residue; process development; selective extraction;
simultaneous recovery; pyrometallurgy

1. Introduction

Recycling rates have increased in recent decades, but this is mainly due to the reutilization of
end-of-life products and their better collection logistics. For economic reasons, a decrease in the level
of easily minable primary resources, and stricter environmental legislation regulating, for instance,
land filling, different industrial residues have also become a focal point of the recycling industry. As the
valuable metal content when compared to various end-of-life products or primary ore concentrates is
in most cases drastically lower, the requirements of newly-developed recycling processes are more
demanding. This results in a strategy to develop concepts capable of the simultaneous extraction of
metals and generation of products with an “added value”.

The zinc industry is one of the base metal industries carrying a broad variety of accompanying
side elements and is the focus of this research—in particular, its iron precipitate residue. As an example,
zinc ore concentrate includes several metals, such as indium, defined as a critical metal by the European
Commission [1]. Today, the hydrometallurgical zinc extraction from oxidic or sulfidic zinc concentrates
dominates, with a ratio of more than 90% of primary zinc production. Even though several new
technologies have been implemented in the last few decades (e.g., direct leaching of sulfidic ore and
solvent extraction for solution purification), the typical flow sheet of a hydrometallurgical zinc plant
still features the concentration, roasting, neutral- and hot-acid leaching of the zinc ore followed by
electrowinning, as shown in Figure 1.

Metals 2018, 8, 335; doi:10.3390/met8050335 www.mdpi.com/journal/metals367



Metals 2018, 8, 335

Figure 1. Flow sheet of zinc production by roasting, neutral- and hot-acid leaching, and electrowinning [2,
3]. NLR: neutral leaching residue.

To begin with, the zinc ore concentrate is oxidized in a roasting step, prior to the leaching of the
calcine. During the roasting step, the contained iron reacts with zinc, forming a barely-soluble zinc
ferrite spinel, rendering the hot-acid leaching step mandatory. To avoid a high volume of processed
solution for the following iron precipitation step, the hot-acid leaching is only carried out for the solid
neutral leaching residue (NLR). In the case of iron ores with low iron content, the hot-acid leaching
step can be avoided. Over time, various iron removal technologies have evolved. An overview of the
three common iron residues (hematite, goethite and jarosite), including the metal contents of iron and
zinc, as well as their typical moisture contents, is shown in Table 1.

Table 1. Iron precipitation residues and their characteristics [4,5].

Residue
Content Quantity Dry

Moisture
Quantity Moist

Adherent Chem. Bound Total

Fe (wt. %) Zn (wt. %) (kg/t Zn) (kg H2O/t Zn) (wt. %) (kg/t Zn)

Hematite 57–60 1 245 27 0 10 272
Goethite 34–40 8.5–13 370 250 24 43 637
Jarosite 29 2–6 520 350 47 44 907

Furthermore, the typical contents of iron and zinc, and the relative amount of generated residue
per ton of produced zinc are given. Since the material is dumped as sludge, the content of H2O,
either chemically bound or adherent to the sludge, is also shown. Although the jarosite precipitate
has the lowest iron content and, with this, the highest level of moisture, it is the most commonly used
source of iron removal among those listed, and offers the highest possibility of also finding silver and
indium in the residue.

Equation (1) is the mineralogical structural formula of jarosite. It shows that it is a basic iron
sulfate compound, where R is a placeholder for potential cations like H3O+, Na+, K+, NH4

+, Ag+,
Li+, Ti+, Rb+, and R2 for Hg2+, Pb2+ [2,6]. On an industrial scale, jarosite precipitation is based on the
addition of ammonium or sodium for economical and ecological reasons [2,3,7,8].

R2Fe6(OH)12(SO4)4 (1)

Moreover, Zn, Cd, Ag, Cu2+, and In3+ can be assimilated into the jarosite structure [9]. For that
reason, this article describes the thermodynamic fundamentals for the extraction of minor elements
like silver and indium from industrially generated jarosite over the course of primary zinc production.
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The main focus is placed on the simultaneous extraction of a zinc oxide product also carrying
compounds of indium and silver.

This offers the advantage of an easy reutilization of the “added value” product in the primary zinc
production industry. The silver and indium form the additional value on top of the zinc oxide, and they
can be recovered if the zinc oxide is produced in adequately equipped zinc plants, without further
investment in new facilities. Specifically, the simultaneous recovery of an added value product is the
basis for the development of an economical and sustainable process for the recycling of jarosite.

2. Materials and Methods

2.1. Formation of Jarosite

Jarosite precipitation is summarized in Equations (2)–(4), using the case of ammonium jarosite
formation:

3Fe2(SO4)3 + 6H2O → 6Fe(OH)SO4 + 3H2SO4, (2)

4Fe(OH)SO4 + 4H2O → 2Fe2(OH)4SO4 + 2H2SO4, (3)

2Fe(OH)SO4 + 2Fe2(OH)4SO4 + 2NH4OH → (NH4)2Fe6(SO4)4(OH)12. (4)

If the above reactions are combined, the overall reaction can be written as in Equation (5):

3Fe2(SO4)3 + 10H2O + 2NH4OH → (NH4)2Fe6(SO4)4(OH)12 + 5H2SO4. (5)

Although jarosite precipitation is a selective removal process of iron, small losses of other dissolved
metals like zinc, lead, or silver cannot be avoided, leading to the aforementioned assimilation into the
jarosite structure. Patiño mentioned the substitution of a cation with silver in a sodium jarosite sample
in literature [10]—as in Equation (1)—with the ratio of elements as shown in Equation (6):

[
Na0.675Ag0.005(H3O)0.32

]·Fe3(SO4)2(OH)6. (6)

Salinas [11] reports a similar composition of an investigated industrial jarosite sample, with its
molar ratio shown in Equation (7):

[
Na0.07Ag0.001K0.02(NH4)0.59(H3O)0.31

]·Fe3(SO4)2(OH)6. (7)

Furthermore, it can be observed in Equation (5) that H2SO4 is formed during this precipitation,
which leads to the necessity of the addition of neutralization agents to avoid resolubilization.
Commonly, calcined ore from the roasting step is utilized for neutralization during the precipitation of
jarosite, leading to a certain amount of impurities not caused by the precipitation itself. Going hand in
hand with this, elements or compounds in the ore concentrate are present in the precipitate as well,
including lead, silver, zinc-ferrite, and indium, in addition to gangue compounds.

Table 2 shows the elemental analysis of a typical jarosite residue, with 27.1 wt. % of iron,
approximately 6.5 wt. % of zinc and lead, and also sulfur, silver, and indium, in concentrations of 8.4
wt. %, 180 ppm, and 230 ppm, respectively.

The substitution of the cation placeholder in the jarosite and the utilization of calcine for
neutralization are not the only possible sources of side elements in the residue. In some plants,
no Pb–Ag–residue separation is performed, due to low contents of those elements in the concentrate.
Still, a certain amount of this by-product is always generated, and in such a case, ends up together
with the iron in the precipitation residue—jarosite—as well [4]. Aside from that, dissolved silver
oxide precipitates to insoluble silver chloride in the presence of chlorine ions in the pregnant
solution, resulting in up to 5 wt. % of the silver contained in the residue being present as a chloride
compound [13,14].
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Table 2. Typical elemental analysis of a jarosite sample [12].

Element Concentration (wt. %) Method

Ag 0.018 DIN EN ISO 11885
In 0.023 DIN EN ISO 11885
Fe 27.1 DIN EN ISO 11885
Zn 6.5 DIN EN ISO 11885
Pb 6.2 DIN EN ISO 11885
S 8.4 DIN EN ISO 11885
Cl <0.1 DIN 38405 D1-2
F 0.01 DIN 38405 part 1

2.2. Behavior of Jarosite during Thermal Treatment

During a pyrometallurgical treatment under oxidizing atmosphere, the jarosite residue
decomposes into separate compounds. The splitting of crystal water, the separation of the OH-group,
and the separation of the sulfate group can be described for all common types of jarosite in the three
characteristic steps shown, respectively, in Equations (8)–(10) for sodium jarosite:

NaFe3(SO4)2(OH)6·xH2O → NaFe3(SO4)2(OH)6 + x{H2O} (Temp. :> 230 ◦C), (8)

NaFe3(SO4)2(OH)6 → NaFe(SO4)2 + Fe2O3 + 3{H2O} (Temp. :> 420 ◦C), (9)

NaFe(SO4)2 → Na2SO4 + Fe2O3 + 3{SO3} (Temp. : 600–800 ◦C). (10)

Based on the stoichiometry of the jarosite compounds, a theoretical amount of 35.9 wt. % is separated
via the gaseous reaction products, mainly leaving behind iron oxide. In the context of silver and
indium, it can be stated that the possibly formed Ag2O is not stable at an increased temperature,
and consequently dissociates to metallic silver. Moreover, stable indium(III)oxide does not show any
significant vapor pressure and is therefore also in the calcined residue.

2.3. Thermodynamic Considerations of the Behavior of Indium and Silver

Typically, the volatility of metallic zinc is exploited to extract the valuable zinc from secondary
resources, as is done for steel mill dust in Waelz kilns, or for drosses in the French and American
processes for the production of high-purity zinc oxide. Based on the previously described idea of an
added value zinc oxide for the primary zinc industry, extracted from jarosite, the thermodynamic
investigations in this article describe the possibility of forming volatile compounds of silver and indium,
resulting in co-evaporation with zinc. To achieve this, the software package HSC Chemistry 8.1.4
(Outotec Oyj., Helsinki, Finland) was used to calculate two kinds of phase stability diagrams. The first
module used for calculation showed stability regions (the Tpp diagram module) for the variation of
Cl2(g) partial pressure as a function of temperature at a fixed O2(g) partial pressure. With this module,
the required temperature for a certain reaction could easily be determined. The second module
illustrated phase stability boundaries as lines (the Lpp diagram module) for the variation of Cl2(g)
vapor pressure as a function of O2(g) partial pressure at a fixed temperature.

Additionally, vapor pressure curves for different indium and silver compounds were plotted to
determine whether they were volatile or stayed in the solid phase. In these cases, the reaction equation
module of the HSC software was used to determine the equilibrium constant of the general reaction
applied to the relevant compound, as shown in Equation (11):

aMeX(s) → bMeX(g)K =
pb

MeX(g)

aa
MeX(s)

. (11)

370



Metals 2018, 8, 335

The formula of the equilibrium constant, K, for the general vaporization reaction above can be
transformed according to the vapor pressure, p. Based on the assumption of pure substances, the activity
can be set to 1, resulting in the simplified Equation (12) for the vapor pressure of a compound at the
temperature assumed for the calculation of the equilibrium constant:

pb
MeX(g) =

b

√(
aa

MeX(s)·K
) simplified−−−−−→ pb

MeX(g) =
b
√
(K). (12)

With a stoichiometric coefficient of 1, the partial pressure becomes equal to the equilibrium
constant of the vaporization reaction.

3. Results and Discussion

The results of the thermodynamic investigation concerning the vapor pressure curves plotted
with the software package HSC Chemistry 8.1.4 are shown in Figure 2. At a temperature of 900 ◦C,
metallic indium (solid blue line) started to have a slowly-increasing vapor pressure, despite its
theoretical boiling point being 2071 ◦C. In addition, metallic silver (solid red line) first increased in
vapor pressure at slightly over 1000 ◦C, and with this, represented a possible partial transition to the
gaseous state. The partial pressures of the metallic forms of indium and silver were very low, and were
therefore not suitable for extraction via the vapor phase under moderate temperature regimes.

 

Figure 2. Vapor pressures for selected indium (blue lines) and silver compounds (red lines) as a
function of temperature.

If the aim is to reach high extraction yields for silver and indium via a vaporization process,
in addition to the recovery of zinc, the vapor pressure of the compounds should be as high as
possible. Typically, zinc is vaporized above 907 ◦C, but it has significant vapor pressure at even lower
temperatures. As such, the aim for silver and indium was to find volatile compounds below 907 ◦C.
Consequently, oxides and halides were also evaluated, as they are typically known to be volatile
compounds. Concerning the oxides, it can be stated that silver oxide was not stable and dissociated
into its metallic form, while indium(II)oxide was not volatile in the range mentioned. Other indium
oxides pointed out in the literature (e.g., In4O3, In4O6, and In7O9) could be formed during reduction
processes, but reacted under oxidizing conditions once again forming indium(II)oxide. Indium(I)oxide,
In2O, could also be formed during a reduction process, but was only stable in the gaseous phase,
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which is the reason why it is not shown in Figure 2. In the case of a reduction potential that was too
high, it was further reduced to the metallic state. Thermodynamic calculations also showed that the
presence of a chlorine carrier such as ZnCl2 immediately led to the formation of InCl. It could be
seen that InCl and InCl3 already had significant vapor pressures at very low temperatures (>300 ◦C),
while AgCl started demonstrating vapor pressure at >700 ◦C. The fluorine compounds (dashed lines) of
silver (AgF) and indium (InF3) started showing vapor pressures at >900 ◦C and >600 ◦C, respectively.

In summary, the vapor pressure calculations showed that the volatility of halides was higher than
that of the oxide compounds or the metallic forms of indium and silver. Moreover, the fact that chlorine
compounds are less disturbing in the primary zinc industry than fluorine compounds, and can be
removed more easily from a zinc oxide product before utilization, means that they are the preferred
compounds for selective extraction via the vapor phase.

To determine the required conditions for the formation of volatile indium and silver compounds,
phase stability diagrams of indium and silver, as well as their chlorides and oxides were calculated,
as shown in Figure 3.

(a) (b) 

Figure 3. (a) Predominance diagram (Tpp) for the system O-Cl-In at four O2(g) partial pressures (green:
1 × 10−15 bar; yellow: 1 × 10−10 bar; red: 1 × 10−5 bar; blue: 0.21 bar;) (b) Predominance diagram
(Tpp) for the system O-Cl-Ag at a O2(g) partial pressures of 0.21 bar.

Figure 3a shows, for four selected O2(g) partial pressures ranging from 0.21 bar (blue line) to
1 × 10−15 bar (green line), the predominance diagrams for metallic indium, In2O3, InCl, and InCl3.
Indium oxide had a wide range of stability in all cases, but was a non-volatile compound in the
temperature range considered. It was also determined that a certain Cl2(g) partial pressure or any
chlorine source was required, which could be ensured by, for instance, the addition of less-stable
chlorine compounds, forming indium chloride. The stability region of In2O3 could be decreased
by lowering the O2(g) partial pressure, which could be realized by purging with an inert gas or
through the addition of reducing agents like carbon. Furthermore, it could be seen that at increased
temperatures (>800 ◦C) and adequate O2(g) and Cl2(g) partial pressures, InCl showed a more stable
region. The advantage of InCl when compared to InCl3 is the ratio of indium to the consumed
chlorine carrier for the formation of volatile indium chloride, which is one-third of its molar ratio in
InCl3. The predominantly-formed compound at lower Cl2(g) partial pressure in the temperature range
considered was InCl3.
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As mentioned before, silver oxide was not stable when the temperature was increased above
180 ◦C, and reacted to form metallic silver. Figure 3b illustrates this fact on the left side of the
diagram. The influence of O2(g) partial pressure on the stability regions concerning AgCl and Ag
was not significant; the only change upon decrease was that the silver oxide already dissociated at
a lower temperature. This was why only one O2(g) partial pressure is shown in the diagram. It can
also be stated that, over the complete investigated temperature range, silver(I)chloride was formed
so long as a source for chlorine was available, which was less stable than AgCl. As exhibited in
Figure 2, silver(I)chloride had a higher vapor pressure than metallic silver, which positively influenced
a targeted recovery.

Figure 4 shows the phase stability boundaries calculated for three temperatures, ranging from
700 ◦C (green line) to 1100 ◦C (red line), for indium and silver, and their chlorides and oxides.

(a) (b) 

Figure 4. (a) Predominance diagram (Lpp) for the system O-Cl-In at three temperatures (green: 700 ◦C;
yellow: 900 ◦C; red: 1100 ◦C) (b) Predominance diagram (Lpp) for the system O-Cl-Ag at three
temperatures (green: 700 ◦C; yellow: 900 ◦C; red: 1100 ◦C).

Figure 4a shows again that the indium oxide was stable so long as the partial pressure of oxygen
was high enough and the Cl2(g) partial pressure was low. In the case of decreased O2(g) partial pressure,
metallic indium could be formed. The lower the temperature, the lower the partial pressure of O2(g)
had to be to form metallic indium. If the Cl2(g) partial pressure was also taken into account, the diagram
shows that the partial pressure itself had the main influence on InCl3 formation, instead of temperature
variation. For the formation of InCl from In2O3, the temperature could also significantly move the
stability boundaries, but as described in the preliminary paragraph, the formation of InCl3 was more
likely in the investigated temperature region due to a requirement for lower Cl2(g) partial pressure,
combined with an acceptably high O2(g) partial pressure. The increase in temperature shifted the
stability region of InCl to a lower Cl2(g) partial pressure, and at a temperature of 1415 ◦C (not shown in
Figure 4a), indium(I)chloride was formed instead of InCl3.

The predominance diagram for silver shown in Figure 4b illustrates the Cl2(g) partial pressure
as a function of the O2(g) partial pressure at constant temperatures. The horizontal lines for all three
investigated temperatures highlight the aforementioned fact that the O2(g) partial pressure had no
significant influence on the stability boundary of AgCl(g) and Ag. Silver(I)oxide was not stable at the
investigated temperatures between 700 to 1100 ◦C, and therefore does not appear in the diagram.
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In summary, it can be said that the volatilization of silver could be positively influenced by the
presence of a chlorine carrier, leading to the formation of silver(I)chloride at any O2(g) partial pressure
in the investigated range (below 1 bar) and with this, the required temperature shifted to lower values.

Regarding indium oxide, reducing conditions were required to bind the oxygen and reduce the
O2(g) partial pressure, supporting the formation of InCl3(g) or InCl(g) for successful volatilization.

4. Conclusions

For the development of an economical and ecological process, the target is the simultaneous
recovery of product with optimized quality. Especially in the case of industrial residues such as the
iron precipitate of the zinc industry (which is typically low in value), elements like indium and silver
contribute significantly to the overall economy of a potential recycling process if they are recovered in
a meaningful way. Therefore, the investigated extraction method by the formation of volatile chlorine
compounds of indium and silver supports the idea of generating an “added value” product through
the simultaneous recovery of the elements zinc, indium, and silver in one metallurgical step. The fact
that indium oxide requires a reducing agent is not a disadvantage, as it goes hand-in-hand with a
potential reduction of zinc oxide for its vaporization as metallic zinc. Furthermore, this does not
influence the silver extraction, where the oxygen partial pressure is of minor significance.

In the context of minimizing the operational costs of the process, the substitution of required
additives (e.g., chlorine carriers in this case) is also a factor. This was investigated in [11], describing a
possible combined treatment of two residues, one of them carrying chlorine as a constituent, along with
electric arc furnace dust.
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