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Preface

RareMetal Technology2021 is the proceedings publication of the symposiumonRare
Metal Extraction& Processing sponsored by the Hydrometallurgy and Electrometal-
lurgy Committee of the TMS Extraction & Processing Division. The symposium has
been organized to encompass the extraction of rare metals as well as rare extraction
processing techniques used in metal production and mineral processing. This is the
eighth symposium since 2014.

This symposium focuses on critical metals essential for critical modern technolo-
gies including electronics, electric motors, generators, energy storage systems, and
specialty alloys. The rapid development of these technologies entails fast advance-
ment of the resource and processing industry for their buildingmaterials. This sympo-
sium brings together researchers from academia and industry to exchange knowledge
on developing, operating, and advancing extractive and processing technologies. In
this proceedings publication, papers are presented on rare earth elements (magnets,
catalysts, phosphors, and others), energy storage materials (lithium, cobalt, vana-
dium, and graphite), alloy elements (scandium, niobium, and titanium), andmaterials
for electronic (gallium, germanium, indium, gold, and silver) commodities.

The papers cover various processing techniques in Mineral Beneficiation,
Hydrometallurgy, Separation, Purification (Solvent Extraction, Ion Exchange,
Precipitation, and Crystallization), Pyrometallurgy, Electrometallurgy, Supercritical
Fluid Extraction, and Recycling (batteries, magnets, waste electrical, and electronic
equipment). Papers address topics on process development and operations, Feed and
Product Characterization, Critical Metals and the Environment, and Processing Plant
Engineering Operations and Challenges.

We acknowledge the efforts of the symposiumorganizers and proceedings editors:
Gisele Azimi, Takanari Ouchi, Kerstin Forsberg, Hojong Kim, Shafiq Alam, Alafara
Abdullahi Baba, andNeale R.Neelameggham. The support fromTMS staffmembers
Matt Baker and Patricia Warren is greatly appreciated in assembling and publishing
the proceedings. We sincerely thank all the authors, speakers, and participants

v
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and look forward to continued collaboration in the advancement of science and
technology in the area of rare metal extraction and processing.

Gisele Azimi
Lead Organizer
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Application of Eutectic Freeze
Crystallization in the Recycling of Li-Ion
Batteries

Yiqian Ma, Michael Svärd, James Gardner, Richard T. Olsson,
and Kerstin Forsberg

Abstract The widespread and increasing use of Li-ion batteries has led to an
impending need for recycling solutions. Consequently, recycling of spent Li-ion
batteries with energy-efficient, environmentally sustainable strategies has become a
research hotspot. In this work, eutectic freeze crystallization (EFC), which requires
less energy input than conventional evaporative crystallization (EC), has been inves-
tigated as a method for the recovery of Ni and Co sulfates from synthetic acidic
strip solution in the recycling of NMC or NCA Li-ion batteries. Two binary sulfate
systems have been studied. Batch EFC experiments have been conducted. It is shown
that, with suitable control of supersaturation, ice and salt crystals can be recovered
as separate phases below the eutectic temperatures. The work shows that EFC is a
promising alternative to EC for the recovery of Ni and Co sulfates from spent Li-ion
batteries.

Keywords Eutectic freeze crystallization · Li-ion battery recycling · NiSO4 ·
CoSO4 · Hydrometallurgy

Introduction

With the ever-growing need for lithium-ion batteries, particularly from the electric
mobility industry, a large amount of lithium-ion batteries are bound to retire in the
near future, thereby leading to serious disposal problems and detrimental impacts on
environment and energy conservation [1]. The composition of the cathode material
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is complex but rich in valuable metals. The recovery of Ni, Co, Mn, and Li from
cathode material of NMC or NCA batteries using a hydrometallurgical process has
beenwidely studied [2–5]. In general, the process can be summarized as pretreatment
→ leaching→ separation/purification→ product precipitation/crystallization [4, 6].
Solvent extraction is an effective method to get purified Ni or Co sulfate solution [3,
7]. After solvent extraction, evaporative crystallization (EC) is usually employed to
produce Ni and Co sulfates [2]. EC can attain relatively high crystal growth rates
with high purity yield, but it is not an energy-efficient process [8]. An alternative to
evaporative crystallization is eutectic freeze crystallization (EFC). Figure 1 shows
the phase diagram of a generic binary salt-water system. The process of EFC can
be represented by path A → B → E or C → D → E as shown in Fig. 1 [9]. This
technique is based on cooling an aqueous salt stream down to the eutectic point of
the respective ice-salt system where ice and salt crystals are formed simultaneously.
The separation of the resulting ice and crystals can then be achieved by gravity, as
ice has a lower density but salt crystals have a higher density than the solution [10].

Eutectic freeze crystallization is strongly preferred to evaporative crystallization,
as it usesmuch less energy and has the ability to recover purewater and treat corrosive
streams [9]. EFC could be a promising approach for the production of metal salts
in the recycling of Li-ion batteries. The recovery of NiSO4·7H2O and CoSO4·7H2O
from acidic strip solution using EFC was then investigated in this work.

Fig. 1 Phase diagram of a binary salt-water system. (Color figure online)
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Materials and Methods

Thermodynamic Modelling

Phase diagrams are used to show the thermodynamic equilibrium behavior of the
binary systems in this study. OLI Stream Analyzer [11] was used to model the
relationship between temperature and the solubility of metal (Co, Ni) sulfate in
H2O and 0.5 mol/kg H2SO4, respectively. In fact, metal sulfate in diluted H2SO4 is
related to the ternary phase diagram of MSO4-H2SO4-H2O, but the binary section
in the ternary phase diagram is concise and can also show the effect of acid when
compared with the binary phase diagram of MSO4-H2O (M = Ni, Co).

Feed Solution and Analysis

In the hydrometallurgical recycling of NMC or NCA batteries, solvent extraction
is frequently used to get purified Ni or Co solution. In the solvent extraction, 1–2
mol/L H2SO4 usually acts as a stripping agent, and the strip liquor of Ni or Co
contains about 100 g/L Ni2+ or Co2+, and 0.5 mol/kg H2SO4 [2, 12]. To simulate
the strip liquors of Ni and Co, 20 wt% NiSO4 in 0.5 mol/kg H2SO4 solution and 20
wt% CoSO4 in 0.5 mol/kg H2SO4 solution were prepared by dissolving analytical
grade NiSO4·6H2O, CoSO4·7H2O and 98 wt% H2SO4 in distilled water. After batch
eutectic freeze crystallization experiments and filtration, metal sulfate hydrates could
be obtained. An optical microscope was used to observe the color and shape of the
resulting crystals. The chemical phases of the crystals were determined by X-ray
diffraction (XRD).

Batch Experiment

The batch EFC experiments were performed in a jacketed glass vessel with a volume
of 250 ml equipped with a mechanical stirrer. The sketch of the setup is shown in
Fig. 2. The coolant was 30% by volume ethylene glycol in water. The temperature
of the coolant was controlled by a chiller (refrigerated/heating circulator, Julabo
FP50-HP, 230 V/60 Hz). The temperature was measured with two PT-100 sensors
connected to a temperature monitor with an accuracy of 0.1 °C. One sensor measured
the temperature in the reactor, while the other sensor measured the temperature of
the coolant. 200 g synthetic strip solution was used for each batch experiment. The
agitator speedwas kept at 300 rpm.After EFC of ice and salt, filtrationwas conducted
to obtain the salt crystals.
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Fig. 2 Batch setup

Fig. 3 Binary phase
diagrams of NiSO4-H2O and
NiSO4–0.5 mol/kg H2SO4
for eutectic freeze
crystallization. (Color figure
online)

Results and Discussion

Binary Phase Diagrams

The binary phase diagrams of Ni sulfate and Co sulfate dissolved in both pure
H2O and 0.5 mol/kg H2SO4 in the temperature range –20 to 40 °C are presented
in Figs. 3 and 4, respectively. The solubility data was predicted by theMixed Solvent
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Fig. 4 Binary phase
diagrams of CoSO4-H2O
and CoSO4–0.5 mol/kg
H2SO4 for eutectic freeze
crystallization. (Color figure
online)

Fig. 5 The cooling curves
of batch experiment for 20
wt% NiSO4 in 0.5 mol/kg
H2SO4 solution. (Color
figure online)

Electrolyte (MSE) model of OLI Stream Analyzer. The diagrams show the regions
of stability for NiSO4·7H2O and CoSO4·7H2O as a function of concentration and
temperature for EFC. As can be seen, the phase diagrams of nickel sulfate and cobalt
sulfate in H2O and 0.5 mol/kg H2SO4 at low temperatures are very similar. At the
same temperature, the solubility of both NiSO4 and CoSO4 in dilute sulfuric acid
solution is lower than that in water, and the eutectic temperature is also lower in the
solution with 0.5 mol/L H2SO4, as illustrated in Figs. 3 and 4. The results show that
H2SO4 can decrease the solubility of the metal sulfate salts and the binary eutectic
temperature.
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Experimental Results

The temperature cooling profile of the 0.5 mol/kg H2SO4 nickel sulfate solution as
a function of time is presented in Fig. 5. The temperature fluctuations (points A and
B) characterize the nucleation of crystals. The system reached salt nucleation at a
temperature of –5.8 °C (point A) where the salt crystals were visible to the naked
eyes. Upon further cooling, there was an increase in salt crystallization until point B
was reached where ice also began to crystallize out. The temperature in the reactor
suddenly increased to –6.9 °C due to the release of the crystallization enthalpy. After
point B, simultaneous crystallization of ice and NiSO4·7H2O proceeded. Under the
binary eutectic condition, the temperature decreased slowly from –6.9 to –8.0 °C, due
to the increase of H2SO4 concentration in the solution (caused by the crystallization
of ice and salt), resulting in the decrease of the eutectic temperature of ice and
NiSO4·7H2O.

The EFC experiment for the 0.5 mol/kg H2SO4 cobalt sulfate solution resulted in
a similar temperature cooling profile (Fig. 6). Spontaneous salt nucleation and ice
nucleation occurred at –5.9 and –8.8 °C, respectively. The eutectic temperature of
ice and CoSO4·7H2O decreased from –6.5 to –7.4 °C in 40 min under the binary
eutectic condition.

XRD analysis results confirmed that the crystals obtained from batch exper-
iments were NiSO4·7H2O and CoSO4·7H2O from batch experiments. Figure 7
shows the pictures and micrographs of NiSO4·7H2O and CoSO4·7H2O obtained.
As can be seen, the NiSO4·7H2O crystals have a spiculate or bar shape whereas the
CoSO4·7H2O crystals are irregular spherical or granular.

Fig. 6 The cooling curves
of batch experiment for 20
wt% CoSO4 in 0.5 mol/kg
H2SO4 solution. (Color
figure online)
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Fig. 7 Crystals of NiSO4·7H2O and CoSO4·7H2O from batch experiments. (Color figure online)

Conclusion

This work demonstrates EFC is a promising technology for the recovery of
NiSO4·7H2O and CoSO4·7H2O from acidic strip liquors in the recycling of Li-
ion batteries. The binary phase diagrams from OLI Stream Analyzer indicate that
NiSO4·7H2O and CoSO4·7H2O can crystallize along with ice from both H2O and
dilute H2SO4 solution using EFC, and the binary eutectic temperature decreases as
the concentration of acid increases. The recovery of NiSO4·7H2O and CoSO4·7H2O
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from two synthetic acidic strip liquors was then tested to verify the feasibility. The
crystals of NiSO4·7H2O and CoSO4·7H2Owere obtained successfully. Further study
is needed to get optimal parameters and test the actual strip liquors in the recycling
of Li-ion batteries.
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Recovery of Valuable Metals
from End-of-Life Lithium-Ion Battery
Using Electrodialysis

Ka Ho Chan, Monu Malik, and Gisele Azimi

Abstract A novel electrochemical separation process was developed to recover
lithium from an end-of-life lithium-ion battery of an electric vehicle using an envi-
ronmentally friendly and cost-effective process based on electrodialysis. Lithium,
nickel, manganese, and cobalt were first extracted from the cathode active mate-
rial of a spent lithium-ion battery through a hydrometallurgical leaching process
using H2SO4+H2O2 leachant under the optimal operating conditions. After leaching,
nickel, manganese, and cobalt were recovered as complex anions coupled with
ethylenediaminetetraacetic acid chelating agent, whereas lithium was recovered as
lithium hydroxide using electrodialysis. The results showed that almost 100% of
lithium was separated from nickel, manganese, and cobalt. Future work is underway
to improve and optimize the separation process.

Keywords Spent Lithium-Ion Batteries (LIBs) · Cathode active material ·
Electrodialysis · Separation · Lithium

Introduction

Lithium-ion batteries (LIBs) have been widely used in electronic devices, electric
vehicles, and energy storage systems because of their high energy density, high
voltage, long storage life, low self-discharge rate, and wide operating temperature
range [1]. With the growing demands for LIBs, a serious shortage of lithium (Li)
and cobalt (Co), and significant environmental issues, the sustainable recycling of
postconsumer LIBs is imperative. Recycling can bring environmental and economic
benefits, as it minimizes environmental pollution and provides an alternative route
of strategic materials for LIB production.
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Traditional metal recycling processes from spent LIBs comprise pretreatment,
metal extraction, and product separation [2]. During the product separation process,
metals in the leachate can be separated and recovered through a series of selective
precipitation and/or solvent extraction steps. Although these methods are efficient to
recover the valuable metals from postconsumer LIBs, they face several drawbacks
including complicated recycling routes, high reagent consumption, and high waste
emission [3]. Therefore, more sustainable and green processes are desired to recover
valuable metals from spent LIBs.

Electrodialysis is a promising alternative separation technique that is commonly
used in wastewater treatment, purification of biological solutions, and demineraliza-
tion of mixed feeds [4]. Electrodialysis has several advantages over solvent extrac-
tion and selective precipitation, such as low energy consumption, minimal hazardous
waste production, and long membrane lifetime [5]. Electrodialysis is a membrane
process in which ions with different charges are separated under the influence of an
electrical potential difference. The most important components in the electrodial-
ysis process are ion-exchange membranes, such as anion exchange membranes and
cation exchange membranes, which are arranged alternatively between an anode and
a cathode. Under the influence of applied potential, anions move towards the anode
and cationsmove towards the cathode, passing through themembranes, which results
in the separation of ions.

Most previous studies focused on using electrodialysis for the recovery of Li from
primary sources (brines, seawater, and ores), and only a few studies have reported the
use of electrodialysis to recover Li from secondary sources (spent LIBs). Currently,
second-generation (LiNixCoyMn1−x−yO2) cathode material has become the most
dominant cathode type in LIBs over first-generation (LiCoO2) cathode material due
to its better performance in electric vehicles [2, 6], and no previous studies have
reported the recovery of second-generation cathode material using electrodialysis.

In the current study, an innovative separationmethod using electrodialysis coupled
with ethylenediaminetetraacetic acid (EDTA) was developed to separate Li from
an end-of-life LIB of an electric vehicle. The speciation distribution behavior of
EDTA with Li, Ni, Mn, and Co at various pH was studied using OLI software. All
four metals were first extracted through a hydrometallurgical leaching process using
H2SO4+H2O2 leachant under the optimal operating conditions. After leaching, the
leachate with a desired amount of EDTAwas fed to a lab-scale electrodialysis system
and the feasibility of separating Li from a multi-metallic mixture was investigated.

Materials and Methods

Chemicals and Materials

The following reagents were employed in this work: concentrated sulfuric acid
(ACS Reagent grade, 95.0–98.0 wt%, VWR), concentrated sodium hydroxide (ACS
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Reagent grade, 50 wt%, VWR), hydrogen peroxide (ACS Reagent grade, 30 wt%,
VWR), ethylenediaminetetraacetic acid (99.5%, EM Science), and deionized water
(0.055 µS, Millipore).

Feed Solution Preparation and Electrodialysis Experiment

To prepare the feed solution, the battery pack from an electric vehicle was first
discharged and dismantled, and the cathode active material was removed from the
aluminum foils using ultrasonication. The cathode active material was leached in
H2SO4+H2O2 leachant under the optimal operating conditions (temperature= 50 °C,
H2SO4 concentration = 1.5 M, H2O2 concentration = 1.0 wt%, and liquid-to-solid
ratio = 20 mL g−1) in which ~100% extraction efficiency of Li, Ni, Mn, and Co
was achieved [7]. Figure 1 shows the experimental apparatus for the separation of
Li from spent LIBs using electrodialysis. The lab-scale electrodialysis stack was
purchased from ElectroCell Inc. Platinum/titanium was used as anode and stainless
steel 316 was used as cathode. The electrodialysis stack consisted of five compart-
ments, namely feed, lithium, metal-EDTA complex, and electrode rinse compart-
ments, divided by one anion exchange membrane (Neosepta® AMX), one cation

Fig. 1 Schematic diagram of the experimental setup of electrodialysis for metal separation. (Color
figure online)
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exchange membrane (Neosepta® CMX), and two bipolar membranes (Fumatech).
The effective membrane area was 100 cm2. The H2SO4+H2O2 leachate mixed with
an appropriate amount of EDTA was supplied to the feed compartment, and 0.01 M
sulfuric acid was supplied to both Li and metal-EDTA complex recovery compart-
ments. Both anode and cathode compartments were fed by 0.1 M sodium sulfate
solution. All solutions were supplied to the electrodialysis stack using pumps with a
constant flow rate of 0.75 Lmin−1. The pH of the solutions in each compartment was
monitored by pHmeters. A power supply was used to set up a constant voltage across
the electrodes. During the experiment, samples were taken at different time intervals
from all compartments (except electrode rinse compartment) and then diluted with
5 wt% HNO3 to determine the metal concentrations by Inductively Coupled Plasma
Optical Emission Spectrometry (ICP-OES, PerkinElmer Optima 8000).

Results

Principle of Recovery of Lithium from Spent LIBs Utilizing
Electrodialysis Coupled with EDTA

The proposed method for separating Li from Ni, Mn, and Co in the H2SO4+H2O2

leachate by electrodialysis consisted of two steps. In the first step, the stoichiometric
quantity of EDTA that is required to complex with Ni, Mn, and Co ions was added
to the H2SO4+H2O2 leachate, and Ni, Mn, and Co ions formed complex anions with
EDTA. The speciation distribution behavior of EDTA with Li, Ni, Mn, and Co as
a function of pH was modeled using OLI software, as shown in Fig. 2. Dominant
complex anions of NiY2−, MnY2−, and CoY2− formed when pH was in the range of
6 and 11, whereas Li remained as free ions in this pH range.

Fig. 2 Speciation
distribution diagram of Li,
Ni, Mn, and Co with EDTA
at various pH modeled using
OLI software. (Color figure
online)
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Fig. 3 Principle of Li recovery from spent LIBs utilizing electrodialysis coupled with EDTA.
(Color figure online)

Fig. 4 Results of the preliminary test a Concentration changes with time in the feed compartment.
bRecovery of Li in the Li recovery compartment. c Recovery of Ni, Mn, and Co in the metal-EDTA
complex recovery compartment. d pH change in the feed compartment. (Color figure online)

Figure 3 shows the principle of recovery of Li from spent LIBs utilizing electro-
dialysis coupled with EDTA. The electrodialysis stack consisted of five compart-
ments divided by one anion exchange membrane (AEM), one cation exchange
membrane (CEM), and two bipolar membranes (BPM). When the electric poten-
tial was applied through the electrodialysis stack, Li ions passed through the cation
exchange membrane to the Li recovery compartment and then combined with
hydroxide ions transported from the bipolar membrane to produce lithium hydroxide
(LiOH). On the other side, NiY2−, MnY2−, and CoY2− ions passed through the anion
exchange membrane to the metal-EDTA complex recovery compartment and then
combined with hydrogen ions transported from the bipolar membrane to form a
neutral species. Therefore, the separation of a mixture of anions and cations could
be achieved by electrodialysis as a result of the charge difference.
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Electrodialysis Results

Figure 4 shows the results of one of the preliminary tests. The initial feed solutionwas
adjusted to pH 6 by 2MNaOH solution, and the voltage applied to the electrodialysis
stack was set at 18 V. The concentrations of all four metals in the feed compartment
decreased with time, while that of the corresponding metals in the Li and metal-
EDTA complex recovery compartments increased. The recovery of Li in the Li
recovery compartment was 94.1%,while the recovery of Ni, Co, andMn in themetal-
EDTA complex recovery compartment was 97.2%, 93.8%, and 24.0%, respectively.
However, it was observed that pH was decreasing during the process in the feed
compartment and someMn precipitates formed in the Li recovery compartment. The
reason behind this result is that once pH dropped in the feed compartment, MnY2−
was converted to Mn2+, which could pass through the cation exchange membrane
and then combine with hydroxide ions transported from the bipolar membrane to
form precipitates (as shown in Fig. 2). Future work is underway to improve and
optimize this electrodialysis separation process using statistical analyses combined
with experimental and fundamental investigations to elucidate the electrodialysis
mechanism.

Conclusions

An electrochemical process for separating Li from the H2SO4+H2O2 leachate
utilizing electrodialysis coupled with EDTA was proposed. Electrodialysis is an
emerging green process with a promising future in the LIB industry over the solvent
extraction and selective precipitation. In this work, when a stoichiometric amount of
EDTA was added to the H2SO4+H2O2 leachate at pH 6, only Ni, Mn, and Co were
combined with EDTA to form complex anions, while Li remained as free cations.
After that, when the electrodialysis stack was operated at a constant voltage of 18 V,
almost 100% of Li was separated from the other three metal ions. The challenge with
this process was low Mn recovery due to precipitation. Future work is underway
to improve the recovery of Mn, to optimize the electrodialysis separation, and to
elucidate the electrodialysis mechanism.
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Lithium Adsorption Mechanism
for Li2TiO3

Rajashekhar Marthi and York R. Smith

Abstract Layered H2TiO3 has shown to be a promising selective lithium adsorbent
to extract lithium from brine solutions. Despite the promising performance of these
materials, the lithium adsorption mechanism of layered H2TiO3 is still not properly
understood. It is currently accepted that lithium adsorption takes place via Li+-H+

ion-exchange reaction without involving any breakage of chemical bonds. However,
in this study we show that Li+-H+ ion exchange involves the breaking of surface
O–H bonds present in the HTi2 layers along with the formation of O-Li bonds. Using
FTIR and Raman spectroscopy, we also show that the isolated surface hydroxyls
are actively involved in lithium ion exchange compared to hydrogen-bonded surface
hydroxyl groups, which are present in the interlayer spacings. This newly proposed
mechanism also explains the lower observed adsorption capacity from theoretical
values.

Keywords Lithium · Surface hydroxyls · Ion exchange

Introduction

Lithium is a criticalmetalwhich is used for a number of applications including battery
and energy applications, ceramics, and lubrication, to name a few. Lithium demand
is expected to reach around 200–1000 kt by 2050 due to an increasing number of
electric vehicles [1]. To meet this demand, lithium-enriched brines can be a potential
“green resource” for lithium supply in the global market. Ion sieve technology has
gained attention in the past decade to concentrate lithium frombrines [2, 3]. Ion sieves
are lithium-selective adsorbents that have high selectivity towards lithium over other
alkali and alkaline earth metal ions present in the brines (e.g., separation factor >
100) [4, 5]. The most commonly used ion sieves for lithium concentration from the
brine solutions are λ-MnO2 and layered H2TiO3 [6–9]. Spinel structured λ-MnO2

ion sieve contains (1 × 3) tunnel structures which are large enough to allow lithium
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intercalation and narrow enough to prevent the intercalation of larger sized ions [10,
11]. However, Mg2+ which has the same ionic size compared to lithium is not able to
intercalate due to its large dehydration enthalpy [12]. Ammundsen et al. [13] showed
that lithium adsorption in λ-MnO2 is an ion-exchange reaction which occurs via the
breaking of surface OH groups and the formation of O-Li groups. Despite its high
selectivity, theλ-MnO2 ion sieve has poor recyclability due tomanganese dissolution
during the desorption process in dilute acids [14, 15].

Recently, layered H2TiO3 has gained attention as a lithium-selective adsorbent
[7]. Layered H2TiO3 is obtained by the delithiation ofmonoclinic β-Li2TiO3 in dilute
acids. Monoclinic β-Li2TiO3 has a layered structure where layers of Li atoms are
sandwiched between LiTi2 layers. Delithiation of Li2TiO3 gives layered H2TiO3

which contains layers of HTi2 layers stacked along the C axis. Due to stable tita-
nium, and a higher theoretical adsorption capacity (~128 mg/g), H2TiO3 is a better
option than the λ-MnO2 ion sieve. However, the actual maximum lithium adsorp-
tion capacity of H2TiO3 under optimal conditions is less than 50 mg/g [7, 16], and
its weaker acidic strength affects its performance in actual salt lake brines [17].
Also, the lithium adsorption mechanism of layered H2TiO3 is not well understood.
Therefore, in this study we have used thermogravimetric and spectroscopic analyt-
ical methods to establish a lithium adsorption mechanism in layered H2TiO3. Our
results show that lithium adsorption occurs via the breaking of surface hydroxyl
bonds and the formation of O-Li bonds. Our proposed mechanism contradicts the
currently accepted ion-exchange mechanism which was first proposed by He et al.
and suggests that after adsorption, lithium ions are held electrostatically in the inter-
layer spacings between HTi2 layers [16]. The study suggested that this does not
involve any breaking of covalent bonds. The He study also states that HTi2 layers are
not involved in lithium adsorption process. However, we show that isolated hydroxyl
groups present in the HTi2 layers are more active towards lithium ion exchange
compared to the hydrogen-bonded OH groups in the interlayer spacings. Using our
newly established mechanism, we are able to explain why the theoretical maximum
adsorption capacity is not achieved by H2TiO3 ion sieves under optimal conditions.

Experimental Methods

Synthesis and Application of Layered H2TiO3 Ion Sieve

A monoclinic Li2TiO3 ion sieve precursor was synthesized by performing a solid-
state calcination reaction between Li2CO3 and TiO2. A mixture of Li2CO3 and TiO2

(Li/Ti molar ratio = 2) was prepared by grinding the reagents in a mortar using a
pestle. The mixture was then transferred into a ceramic crucible and calcined in a
box furnace at 700 °C for 4 h to obtain β-Li2TiO3. The ion sieve was obtained by
magnetically stirring β-Li2TiO3 in 0.2 M HCl for 24 h (S/L ratio = 1 g / 200 mL).
The ion sieves were separated from the acid using vacuum filtration and were later
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washed with plenty of deionized water. The filter cake was dried in an oven at 60 °C
overnight.

Lithium adsorption studies were performed by magnetically stirring 0.1 g of the
layered H2TiO3 in 100 mL of 0.1 M LiCl buffered solution (pH = 9.50, adjusted
using ammoniacal buffer). The supernatant was separated using a syringe filter and
was later analyzed using ICP-MS (Agilent 3500CE). The lithium-enriched adsorbent
(LixH2-xTiO3) was washed with plenty of deionized water to remove excess buffer
solution and later dried in an oven at 60 °C overnight. The measured value of lithium
adsorption capacity was ~ 40 mg/g.

Characterization

X-ray diffraction was performed using Cu Kα irradiation to study the crystalline
structure present in ion sieves (MiniFlex Rigaku, step size = 0.01°, scan rate =
1°/min). The relative amount of surface hydroxyl groups present in the ion sieves
before and after lithium adsorption were quantified by performing thermogravimetry
analysis (TGA) in nitrogen atmosphere from 25 to 600 °C using a DSC-TGA 650
(TA instruments). Corresponding differential scanning calorimetric (DSC) data were
used to identify the different stages of weight loss in the ion sieves. The role of
surface hydroxyl groups in lithium adsorption studies was studied by performing
FTIR spectroscopy (Thermo Scientific Nicolet iN10mx). Reflectance measurements
were taken from 700 to 4000 cm−1 with an exposure time of 5 s. The deconvolution
of the peaks was performed using a combination of Gaussian and Lorentzian peak
fitting methods (Origin Lab software). The breaking and formation of O-Li bonds
during delithiation and adsorption were studied using Raman spectroscopy (Thermo
Scientific DXRRamanMicroscope, 532 nm laser, exposure time 4 s, high-resolution
grating up to 1846 cm−1).

Results

X-ray Diffraction

The β-Li2TiO3 ion sieve precursor is obtained as a calcination product of Li2CO3 and
TiO2. The X-ray diffractogram in Fig. 1 shows that the diffraction peaks belong to
β-Li2TiO3 (ICDD card no. 33–0831), which occupies a monoclinic crystal structure.
Upon delithiation in dilute acid, a layered H2TiO3 ion sieve is obtained. The peak
corresponding to (002) plane shifts towards higher 2θ values indicating that after
delithiation, there is a shrinkage in the unit cell volume. This shrinkage in the cell
volume is due to the replacement of H+ ions with Li+ ions [5]. It can be observed that
after delithiation, there is a significant change in the diffraction patterns of H2TiO3
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Fig. 1 X-ray diffraction of
Li2TiO3, H2TiO3, and
LixH2-xTiO3. It can be seen
that after delithiation, certain
diffraction peaks present in
Li2TiO3 disappear due to
weak Li-O bonds. These
disappeared peaks do not
reappear even after lithium
adsorption. (Color figure
online)

compared to the β-Li2TiO3 precursor material. The diffraction peaks corresponding
to (020), (13–3), (006), (312), and (062) planes disappear. Tarakina et al. [18] and Yu
et al. [19] have attributed the disappearance of these peaks to a high concentration
of stacking faults along the C axis. Moreover, Zhang et al. [20] showed using first
principle calculations that the disappeared peaks correspond to the planes having low
O-Li bond energy. The peaks corresponding to (002), (13–1), and (–204) planes do
not disappear even after the delithiation of Li2TiO3 indicating that H2TiO3 maintains
the layered arrangement. Therefore, the delithiation of β-Li2TiO3 ion sieve precursor
leads to the formation of layered H2TiO3 with a high concentration of stacking faults.
It is interesting to note that after lithium adsorption, the disappeared peaks do not
reappear in LixH2-xTiO3. This indicates that lithium adsorption on H2TiO3 does
not involve any structural changes. In brief, the delithiation of Li2TiO3 results in
structural changes which arise due to defect chemistry, whereas lithium adsorption
on H2TiO3 does not lead to any new structural changes.

Thermogravimetric Analysis

Figure 2 shows the weight loss and heat flow profile of layered H2TiO3 before and
after lithium adsorption. Based on the heat flow profile, the weight losses can be
classified into two regions. Region I corresponds to the weight loss due to physically
adsorbed water molecules [21]. It can be observed that in layered H2TiO3, physically
adsorbed water molecules are completely removed at 230 °C, whereas physically
adsorbed water molecules are completely removed in LixH2-xTiO3 at 276 °C. Due to
a stronger interaction betweenphysically adsorbedwatermolecules andLixH2-xTiO3,
there is a shift in Region I towards higher temperatures. Region II corresponds to the
weight loss due to the removal of surface hydroxyl groups [22]. It can be observed
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Fig. 2 TGA–DSC profile of
H2TiO3 and LixH2-xTiO3.
The weight loss due to
dehydroxylation in H2TiO3
is greater than LixH2-xTiO3
(2.96 vs. 1.29 wt%)
indicating that surface
hydroxyl groups are involved
in lithium adsorption. (Color
figure online)

from Fig. 2 that in layered H2TiO3, the weight loss due to dehydroxylation is 2.96
wt%, whereas in LixH2-xTiO3 the weight loss due to dehydroxylation is only 1.29
wt%. This indicates that after lithium adsorption, the relative amount of hydroxyl
groups decreases indicating that surface hydroxyl groups are involved in the Li+-H+

ion-exchange reaction.

Spectroscopy Results

The stretching vibrations of hydroxyl groups were analyzed using FTIR. Figure 3
shows that layered H2TiO3 contains a broad peak between 2000 and 4000 cm−1 with
a narrow shoulder peak at around 3500 cm−1. The deconvolution of the spectrum
shows that three types of hydroxyl groups are present in layered H2TiO3. Peak ‘1’
corresponds to hydroxyl groups which interact with each other via hydrogen bonds
and peak ‘2’ corresponds to the stretching vibrations of OH groups from physically
adsorbed water [23]. Peak ‘3’ is associated with isolated surface hydroxyl groups
which do not interact with each other [23]. However, after lithium adsorption, the
intensity of ratio of peak ‘3’ to peak ‘1’ decreases from 0.53 to 0.35 indicating
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Fig. 3 FTIR analysis shows
the absorbance of surface
hydroxyl groups before and
after lithium adsorption.
Peak ‘1’ represents
hydrogen-bonded OH
groups, peak ‘2’ represents
stretching vibrations of OH
groups from physically
adsorbed water molecules,
and peak ‘3’ represents the
stretching vibrations of
isolated OH groups. After
lithium adsorption, the ratio
of absorbance of peak ‘3’ to
peak ‘1’ significantly
decreases indicating that
isolated OH groups are
actively involved in the
lithium adsorption compared
to hydrogen-bonded OH
groups. (Color figure online)

that isolated surface hydroxyl groups are more actively involved in lithium adsorp-
tion than hydrogen-bonded hydroxyl groups. During the delithiation of β-Li2TiO3,
lithium atoms from Li layers are eluted first, followed by lithium elution from LiTi2
layers. Denisova et al. [23] showed that during delithiation, isolated surface OH
groups are formed onHTi2 layers and hydrogen-bonded OH groups are formed in the
interlayer spacings. Therefore, FTIR spectroscopy studies show that lithium adsorp-
tion occurs in HTi2 layers, which contradicts the currently accepted mechanism
which states that HTi2 layers are not involved in lithium adsorption.

Figure 4 shows the Raman spectra of Li2TiO3, H2TiO3 before and after lithium
adsorption. The bands corresponding to 250–420 cm−1 are from O-Li stretching and
bending vibrations (represented as dashed lines) [24]. It can be observed that after
the delithiation of Li2TiO3, the bands corresponding to O-Li stretching and bending
vibrations disappear. After lithium adsorption, these bands reappear indicating that
O-Li bond breakage takes place during the delithiation, and O-Li bonds are formed
after lithium adsorption. It should also be noted that the bands at wavenumbers
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Fig. 4 Raman spectra show
the stretching and bending
vibration of O-Li bonds.
During the delithiation of
Li2TiO3, the O-Li bands
disappear in H2TiO3
indicating breaking of O-Li
bonds during delithiation.
The O-Li bands reappear
after lithium adsorption
indicating that O-Li bond
formation takes place. (Color
figure online)

greater than 420 cm−1 correspond to the Ti–O stretching or bending vibrations. It
is also interesting to note that due to decreases in the intensity of O-Li vibrations
after delithiation, the doublet band at 400–420 cm−1 in Li2TiO3 transforms into a
singlet band in H2TiO3. After lithium adsorption, this doublet band reappears due
to the formation of O-Li bonds. It is also interesting to note that the O-Li bands in
LixH2-xTiO3 are shifted towards lower wavenumbers compared to the Li2TiO3 ion
sieve precursor.

In an ideal stoichiometric Li2TiO3, 75% of lithium atoms are in Li layers and 25%
of lithium is in LiTi2 layers. Therefore, after delithiation, 75% of hydrogen-bonded
OH groups and 25% of isolated OH groups are present in the H2TiO3. Based on
the spectroscopic data, isolated OH groups are more actively involved in lithium
adsorption compared to hydrogen-bonded OH groups. Since most of the hydroxyl
groups are hydrogen bonded, the lithium adsorption capacity and its rate of lithium
adsorption is mainly limited by the number of isolated OH groups. The isolated
hydroxyl groups are essentially bridged hydroxyl groups formed by Ti-O-Ti bonds
which are present in the HTi2 layers. The Li+-H+ ion exchange can be represented
as

TiO− H (s) + Li+(aq) = TiO− Li (s) + H+(aq) (1)

The role of HTi2 in lithium adsorption was also discussed by Wang et al., where
they showed that higher lattice oxygen content in HTi2 layers favors lithium adsorp-
tion capacity [25–27]. Therefore, by controlling the concentrationof surface hydroxyl
groups via point or stacking fault defects, lithium adsorption properties can be
improved.
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Conclusion

Current lithium adsorption mechanisms state that lithium adsorption occurs via ion
exchange which involves electrostatic interactions with no chemical bond breaking
and formation. However, in this work, we showed that lithium adsorption on H2TiO3

involves the breaking of surface hydroxyl groups and the formation of O-Li bonds.
We also showed using spectroscopic studies that isolated surface hydroxyl groups
are more actively involved in lithium adsorption than hydrogen-bonded hydroxyl
groups.We also explained the reason for lower adsorption capacity than its theoretical
maximum. This work also shows that lithium adsorption properties can be improved
by controlling the concentration of isolated surface hydroxyl groups.

References

1. Speirs J, ContestabileM,Houari Y, Gross R (2014) The future of lithium availability for electric
vehicle batteries. Renew Sustain Energy Rev 35:183–193. https://doi.org/10.1016/j.rser.2014.
04.018

2. Xu X, Chen Y, Wan P, Gasem K, Wang K, He T, Adidharma H, Fan M (2016) Extraction of
lithium with functionalized lithium ion-sieves. Prog Mater Sci 84:276–313. https://doi.org/10.
1016/j.pmatsci.2016.09.004

3. Safari S, Lottermoser BG, Alessi DS (2020) Metal oxide sorbents for the sustainable recovery
of lithium from unconventional resources. Appl Mater Today 19:100638. https://doi.org/10.
1016/j.apmt.2020.100638

4. Luo X, Zhang K, Luo J, Luo S, Crittenden J (2016) Capturing Lithium from wastewater using
a fixed bed packed with 3-D MnO2 ion cages. Environ Sci Technol 50:13002–13012. https://
doi.org/10.1021/acs.est.6b02247

5. Marthi R, SmithYR (2019) Selective recovery of lithium from theGreat Salt Lake using lithium
manganese oxide-diatomaceous earth composite. Hydrometallurgy 186:115–125. https://doi.
org/10.1016/j.hydromet.2019.03.011

6. Lawagon CP, Nisola GM, Mun J, Tron A, Torrejos REC, Seo JG, Kim H, Chung WJ (2015)
Adsorptive Li+ mining from liquid resources by H2TiO3: Equilibrium, kinetics, thermody-
namics, and mechanisms. J. Ind Eng Chem 35:347–356. https://doi.org/10.1016/j.jiec.2016.
01.015

7. Chitrakar R, Makita Y, Ooi K, Sonoda A (2014) Lithium recovery from salt lake brine by
H2TiO3. Dalt Trans 43:8933–8939. https://doi.org/10.1039/c4dt00467a

8. Zhang QH, Li SP, Sun SY, Yin XS, Yu JG (2009) Lithium selective adsorption on 1-D MnO2
nanostructure ion-sieve. Adv Powder Technol 20:432–437. https://doi.org/10.1016/j.apt.2009.
02.008

9. Hong HJ, Park IS, Ryu T, Ryu J, Kim BG, Chung KS (2013) Granulation of Li1.33Mn1.67O4
(LMO) through the use of cross-linked chitosan for the effective recovery of Li+ from seawater.
Chem Eng J 234:16–22. doi:https://doi.org/10.1016/j.cej.2013.08.060

10. Devaraj S, Munichandraiah N (2008) Effect of crystallographic structure of MnO2 on its elec-
trochemical capacitance properties. J Phys Chem C 112:4406–4417. https://doi.org/10.1021/
jp7108785

11. H, Feng KO, Kanoh Q (1999) Manganese oxide porous crystal. J Mater 9:319–333. doi:https://
doi.org/10.1039/a805369c

12. Marcus Y (1991) Thermodyn Solvat Ions 87:2995–2999

https://doi.org/10.1016/j.rser.2014.04.018
https://doi.org/10.1016/j.pmatsci.2016.09.004
https://doi.org/10.1016/j.apmt.2020.100638
https://doi.org/10.1021/acs.est.6b02247
https://doi.org/10.1016/j.hydromet.2019.03.011
https://doi.org/10.1016/j.jiec.2016.01.015
https://doi.org/10.1039/c4dt00467a
https://doi.org/10.1016/j.apt.2009.02.008
https://doi.org/10.1016/j.cej.2013.08.060
https://doi.org/10.1021/jp7108785
https://doi.org/10.1039/a805369c


Lithium Adsorption Mechanism for Li2TiO3 27

13. Ammundsen B, Jones DJ, Rozière J, Berg H, Tellgren R, Thomas JO (1998) Ion exchange in
manganese dioxide spinel: proton, deuteron, and lithium sites determined from neutron powder
diffraction data. Chem Mater 10:1680–1687. https://doi.org/10.1021/cm9800478

14. Liu DF, Sun SY, Yu JG (2019) Li4Mn5O12 desorption process with acetic acid and Mn
dissolution mechanism. J Chem Eng Japan 52:274–279. https://doi.org/10.1252/jcej.18we209

15. Ji ZY, Zhao MY, Zhao YY, Liu J, Peng JL, Yuan JS (2017) Lithium extraction process on
spinel-type LiMn2O4 and characterization based on the hydrolysis of sodium persulfate. Solid
State Ionics 301:116–124. https://doi.org/10.1016/j.ssi.2017.01.018

16. He G, Zhang L, Zhou D, Zou Y, Wang F (2015) The optimal condition for H2TiO3–lithium
adsorbent preparation and Li+ adsorption confirmed by an orthogonal test design. Ionics (Kiel).
21:2219–2226. https://doi.org/10.1007/s11581-015-1393-3

17. Marthi R, Smith YR (2020) Application and limitations of a H2TiO3–diatomaceous earth
composite synthesized from titania slag as a selective lithium adsorbent. Sep Purif Technol,
117580. doi:https://doi.org/10.1016/j.seppur.2020.117580

18. TarakinaNV,NederRB,DenisovaTA,MaksimovaLG,BaklanovaYV,TyutyunnikAP, Zubkov
VG (2010) Defect crystal structure of new TiO(OH)2 hydroxide and related lithium salt
Li2TiO3. Dalt Trans 39:8168–8176. https://doi.org/10.1039/c0dt00354a

19. Yu CL, Wang F, Cao SY, Gao DP, Hui HB, Guo YY, Wang DY (2015) The structure of
H2TiO3—a short discussion on “lithium recovery from salt lake brine by H2TiO3.” Dalt Trans
44:15721–15724. https://doi.org/10.1039/c4dt03689a

20. Zhang L, Zhou J, He G, Zhou D, Tang D, Wang F (2018) Extraction difficulty of lithium
ions from various crystal planes of lithium titanate. J Wuhan Univ Technol Mater Sci Ed
33:1086–1091. https://doi.org/10.1007/s11595-018-1939-0

21. Zhuravlev LT (2000) The surface chemistry of amorphous silica. Zhuravlev model, Colloids
Surfaces A Physicochem. EngAsp 173:1–38. https://doi.org/10.1016/S0927-7757(00)00556-2

22. Mueller R, Kammler HK,Wegner K, Pratsinis SE (2003) OH surface density of SiO2 and TiO2
by thermogravimetric analysis. Langmuir 19:160–165. https://doi.org/10.1021/la025785w

23. Denisova TA, Maksimova LG, Polyakov EV, Zhuravlev NA, Kovyazina SA, Leonidova ON,
Khabibulin DF, Yur’eva EI (2006) Metatitanic acid: synthesis and properties. Russ J Inorg
Chem 51:691–699. doi:https://doi.org/10.1134/S0036023606050019

24. Nakazawa T, Naito A, Aruga T, Grismanovs V, Chimi Y, Iwase A, Jitsukawa S (2007) High
energy heavy ion induced structural disorder in Li2TiO3. J Nucl Mater 367–370 B:1398–1403.
doi:https://doi.org/10.1016/j.jnucmat.2007.04.003

25. Wang S, Zheng S, Wang Z, Cui W, Zhang H, Yang L, Zhang Y, Li P (2018) Superior lithium
adsorption and required magnetic separation behavior of iron-doped lithium ion-sieves. Chem
Eng J 332:160–168. https://doi.org/10.1016/j.cej.2017.09.055

26. Wang S, Li P, Cui W, Zhang H, Wang H, Zheng S, Zhang Y (2016) Hydrothermal synthesis of
lithium-enriched β-Li2TiO3 with an ion-sieve application: excellent lithium adsorption. RSC
Adv 6:102608–102616. https://doi.org/10.1039/c6ra18018c

27. WangS,ZhangM,ZhangY,ZhangY,QiaoS,ZhengS (2019)HydrometallurgyHigh adsorption
performance of the Mo-doped titanium oxide sieve for lithium ions. Hydrometallurgy 187:30–
37. https://doi.org/10.1016/j.hydromet.2019.05.004

https://doi.org/10.1021/cm9800478
https://doi.org/10.1252/jcej.18we209
https://doi.org/10.1016/j.ssi.2017.01.018
https://doi.org/10.1007/s11581-015-1393-3
https://doi.org/10.1016/j.seppur.2020.117580
https://doi.org/10.1039/c0dt00354a
https://doi.org/10.1039/c4dt03689a
https://doi.org/10.1007/s11595-018-1939-0
https://doi.org/10.1016/S0927-7757(00)00556-2
https://doi.org/10.1021/la025785w
https://doi.org/10.1134/S0036023606050019
https://doi.org/10.1016/j.jnucmat.2007.04.003
https://doi.org/10.1016/j.cej.2017.09.055
https://doi.org/10.1039/c6ra18018c
https://doi.org/10.1016/j.hydromet.2019.05.004


Study on the Production of Lithium
by Aluminothermic Reduction Method

Huimin Lu and Neale R. Neelameggham

Abstract At present, the global production of 45,000 tons of lithium is obtained by
molten salt electrolysis using lithium chloride as a rawmaterial. Due to the release of
chlorine gas in the production process, the environment is seriously polluted and the
energy consumption is high. In this paper, lithium carbonate is used as a rawmaterial,
and aluminumpowder is used as a reducing agent to extractmetal lithium in a vacuum
reduction furnace by aluminothermic reduction. The lithium recovery rate is 85%and
the purity of metal lithium reaches 99.5%. In the laboratory, a continuous vacuum
lithium reduction furnace was developed. No harmful gases were released during
the entire production process. It was environmentally friendly. The production of
lithium by aluminothermic reduction is a very promising method. The continuous
lithium vacuum reduction furnace is the key equipment of this process, which lays
the foundation for future industrial application.

Keywords Aluminothermic reduction · Vacuum reduction furnace · Aluminum
metal powder · Lithium carbonate · Lithium

Introduction

At present, consumer electronic products represented by electric vehicles, notebook
computers, andmobile phones have strong demand for metal lithium batteries, which
is the main driving force for the growth of metal lithium demand [1, 2]. With the
advancement and development of science and technology, people’s requirements
for environmental protection are getting higher and higher, which promotes the
development of electric vehicles, electric bicycles, and new energy vehicles. Pb-
acid batteries are heavy, inconvenient, and easy to cause traffic accidents. Therefore,
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the replacement of lead-acid batteries by metal lithium batteries will further accel-
erate in the future, especially the popularization of new energy vehicles, which will
greatly stimulate the demand for lithium batteries.

In addition to being an energy material, lithium has a large number of other
important applications. When lithium is added to molten metal or alloy, it will react
with impurities such as hydrogen, oxygen, sulphur, nitrogen, and other impurities in
the metal or alloy to form compounds with low density and lowmelting point, which
can not only remove these gases, but also change the metal denser and can eliminate
bubbles and other defects in the metal, thereby improving the grain structure of
the metal and improving the mechanical properties of the metal. In terms of alloys,
lithium is easily fused with any metal except iron. As a component of light alloys,
ultra-light alloys, wear-resistant alloys, and other non-ferrous alloys, lithium can
greatly improve the properties of the alloy. For example, lithium-magnesium alloy is
a high-strength lightweight alloy. It not only has good thermal conductivity, electrical
conductivity, and ductility, but also has the characteristics of corrosion resistance,
abrasion resistance, good impact resistance, and resistance to high-speed particle
penetration. It is known as “Tomorrow’s AerospaceAlloy,” widely used in aerospace,
national defence, andmilitary industries. As theworld’s requirements for lightweight
structural materials, weight reduction and energy saving, environmental protection,
and sustainable development continue to increase, lithium-magnesium alloys will be
applied to areas where lightweight structural materials are more needed. The alloys
formed by adding lithium to beryllium, zinc, copper, silver, cadmium, and boron
are not only tougher or harder, but also increase tensile strength and elasticity. The
lithium content in these alloys varies from a few thousandths to a few percent [3].

In the nuclear industry, after being bombarded by neutrons, lithium isotopes will
split into tritium and helium. After the “deuterium–tritium” fusion reaction, in addi-
tion to the formation of a helium nucleus, there is an excess medium containing a
lot of energy. Therefore, it is only necessary to maintain the concentration of lithium
nuclei in the nuclear fusion reaction system to achieve “deuterium–tritium” nuclear
fusion andmaintain its continued reaction. Therefore, lithium is also knownas a “high
energy metal.” In addition, due to its large heat capacity, wide liquidus temperature
range, high thermal conductivity, low viscosity, and low density, metallic lithium is
used as a coolant in nuclear fusion or nuclear fission reactors [4].

There are two main types of lithium in nature. One is in the form of lithium
containing ores such as spodumene, lepidolite, and permeate feldspar, and the other
is in the form of lithium ions in salt lake brines, underground brine, and seawater. At
present, the mainstream process of industrial production of metal lithium is molten
salt electrolysis and vacuum reduction. The molten salt electrolysis method uses
lithium chloride (LiCl) as the raw material and potassium chloride as the electrolyte
to play the role of stability, cooling, and conductivity. The electrolysis temperature
is about 450–500 °C. The disadvantage of this method is that the lithium in the
spodumene is first extracted into lithium carbonate and then converted into lithium
chloride. The production cost is high. For every ton of lithium produced, 5 tons of
chlorine will be generated, which will seriously pollute the air. The vacuum reduc-
tion method for lithium smelting also uses lithium carbonate or lithium hydroxide
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monohydrate as rawmaterials, but the existing vacuum reductionmethod for lithium
smelting equipment has the problems of the incapability of continuous production
and low labour efficiency [5–7].

In view of the above shortcomings, the purpose of this paper is to provide a
continuous vacuum lithium reduction furnace and a method for lithium production.
In this paper, lithium carbonate is used as a raw material, and aluminum powder is
used as a reducing agent to extract metal lithium in a continuous vacuum reduction
furnace by aluminothermic reduction.

Materials and Experimental Equipment

Raw Materials

CaO: industrial grade (Beijing Chemical Reagent Factory), purity >98.0%; Al
powder: Industrial grade (BeijingChemicalReagent Factory), purity >99.0%;Argon:
>99.999% (Miyun Gas Manufacturing Co. Ltd.); Li2CO3: industrial grade, purity
>99.0%.

Laboratory Experiments Equipment

Laboratory experiments equipment for producing lithium were conducted in a
120 kW continuous reduction of lithium test furnace, as pictured in Fig. 1. Process
conditions were as follows: the reaction is performed in semi-continuous feeding
charge 30 kg each within the lithium test furnace that operates around 1200°C and a
vacuum of 10–20 Pa over a two- to four-hour period.

Schematic Diagram of Laboratory Equipment

1—reduction chamber, 2—induction heating device, 3—heating power supply, 4—
electrical control system, 5—feeding chamber, 6—movingdevice, 7—isolation valve
4, 8—crucible lifting device, 9—isolation valve 3, 10—discharge chamber, 11—
graphite crucible, 12—hydraulic system, 13—water cooling system, 14—vacuum
unit, 15—isolation valve 2, 16—isolation valve 1, 17—crystallizer, 18—isolation
valve 5, 19—isolation valve 6, 20—isolation valve 7, 21—metal lithium tank.
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Fig. 1 120 kW continuous reduction of lithium test furnace. (Color figure online)

Fig. 2 Schematic diagram of the structure of a continuous lithium smelting device

Metal Lithium Purity and Impurity Analysis

Take the reduced product lithium in a dry argon-filled glove box. After cutting off
the surface oxide layer, quickly weigh 3–6 g and place it in a polytetrafluoroethylene
beaker. Then take the sample beaker out of the glove box and put it in a desiccator
with water at the bottom to fully oxidize for several days.Wet it with secondary water
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first, then dissolve it with concentrated hydrochloric acid, transfer it into a volumetric
flask, use atomic absorption spectrophotometer to analyze lithium content, and use
inductively coupled plasma atomic emission spectrometer to determine impurity
content (sodium, potassium, magnesium, calcium, aluminum, and iron).

Analysis of Metal Lithium Recovery Rate

The materials before and after reduction are dissolved in hydrochloric acid, and the
lithium content is determined by atomic absorption spectroscopy to obtain the lithium
recovery rate.

Results and Discussion

Preparation Principle of Lithium Metal

In this paper, lithium oxide (Li2O) is used as a raw material to extract lithium metal.
Lithium oxide is obtained by thermal decomposition of lithium carbonate. The equi-
librium pressures of carbon dioxide for lithium carbonate at 810, 890, and 1270 °C
are 2, 4.3, and 101 kPa, respectively. In order to prevent the melting of lithium
carbonate with a melting point of 735 °C during thermal decomposition and make
it difficult to discharge carbon dioxide, the lithium carbonate and the flux inhibitor
(CaO) are usually briquetted in a certain proportion, and then the agglomerates are
thermally decomposed under vacuum. The product is a mixture of lithium oxide
and calcium oxide, which facilitates the vacuum thermal reduction process. Using
aluminum powder as a reducing agent, the reaction formulae extracting lithiummetal
are as follows:

21Li2O + 12CaO + 14A1 = 42Li + 7A12O3 · 12CaO (1)

3Li2O + 3CaO + 2A1 = 6Li + A12O3 · 3CaO (2)

Comprehensive Experiment for Producing Lithium

Start of the first furnace: use commercially available lithium carbonate as raw mate-
rial, mix with calcium oxide as additives, and aluminum powder as reducing agent.
The purity of lithium carbonate is above 99%. The purity of calcium oxide is greater
than 98%. Mixing ratio (mass ratio): Lithium carbonate: calcium oxide = 2:1, mix
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uniformly, first roast, temperature 750°C, time 100 min. After sintering, grind to 60
meshes, add aluminum powder with a particle size of 60 meshes, and add 8% of the
total mass of the calcined lithium carbonate + calcium oxide mixture. 2% CaF2 is
used to obtain mixed raw materials and pressed into pellets.

Open the door of the feed chamber (5) manually, put the pellets made of lithium-
containing materials, additives, and reducing agent into the graphite crucible (11),
close the door of the feed chamber (5); through the electrical control system (4), open
the isolation valve 4 (7), move the graphite crucible (11) to the crucible lifting device
(8) through themoving device (6); open the isolation valve 1 (16), and use the crucible
lifting device (8) to move the graphite crucible (11) that is raised into the induction
heating device (2); the vacuum unit (14) is turned on through the electrical control
system (4), the isolation valve 2 (15) and the isolation valve 3 (9) are opened, and the
discharge chamber (10) and the feed chamber (5) are evacuated; open isolation valve
5 (18), isolation valve 6 (19), and isolation valve 7 (20) to the reduction chamber
(1), crystallizer (17), and metal lithium tank (21) vacuum; start the water cooling
system (13) to the vacuum unit (14), reduction chamber (1), crystallizer (17), and
induction heating device (2) water cooling; start the heating power supply (3) for
induction heating the device (2) is heated, the vacuum degree and temperature are
displayed in the electrical control system (4), and the reduction reaction is performed.
The induction heating device (2) heats up to 550 °C at a heating rate of 14 °C/min,
constant temperature for 50 min, and vacuum degree maintains 1 Pa; continue to heat
up to 1150 °C at a heating rate of 14 °C/min, and control the vacuum of the vacuum
reactor to 1050 Pa until no more lithium vapor is generated. Keep the temperature
constant for about 3 h, and the lithium will be collected in the crystal in liquid form.
In the container (17), the crystallization chamber (17) is connected to the metal
lithium tank (21), and a graphite filter is also provided. The metal lithium tank (20)
contains liquid paraffin, and the metal lithium tank (21) is periodically removed
from the crystallization chamber (17). The metal lithium tank (21) contains liquid
paraffin. The metal lithium tank (21) is preferably removed from the crystallizer (17)
regularly, connected to a glove box filled with high purity argon, and then the valve
of the lithium metal tank is opened to obtain lithium ingot. The purity of the lithium
ingot is better than 99.5%; the chemical analysis results of the impurities of lithium
are listed in Table 1; the recovery rate is 85%, and the current efficiency reaches 90%;
after the reduction reaction is completed, the graphite crucible (11) is lowered by the
crucible lifting device (8), the isolation valve 1 (16) is closed, the isolation valve 4
(7) is closed, and the mobile device (6) is moved into the discharge chamber (10));
close the isolation valve 3 (9), open the door of the discharge chamber (10) to break
the vacuum; the hydraulic system (12) is connected with the crucible lifting device
(8) and controls the lifting of the crucible lifting device (8); the water cooling system

Table 1 The chemical analysis results of the impurities of lithium (mass%)

Na K Mg Ca Al Fe

0.018 0.008 0.002 0.002 0.003 0.002
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(13) is respectively connected with the vacuum unit (14), the reduction chamber (1),
the induction heating device (2), and the crystallization chamber (17).

The second furnace starts: close the isolation valve 4 (7), manually open the
feeding chamber (5), fill the graphite crucible (11) with materials, evacuate the
feeding chamber (5) to the required vacuum degree of the process, and open the
isolation valve 4(7), move the graphite crucible (11) to the crucible lifting device
(8) through the moving device (6), open the isolation valve 1 (16), and move the
graphite crucible (11) through the crucible lifting device (8) to ascend into the induc-
tion heating device (2). At this time, the vacuum degree and the temperature of
the reduction chamber (1) meet the process requirements of the reduction reaction.
The reduction reaction starts, and the lithium will be collected in the crystallizer
(17) in liquid form, and flows into the metal lithium tank (21). After the reaction is
completed, the graphite crucible (11) is lowered through the crucible lifting device
(8), the isolation valve 1 (16) is closed, the isolation valve 3 (9) is opened, and the
mobile device (6) is moved into the discharge chamber (10); close the isolation valve
3 (9), open the door of the discharge chamber (10) to break the vacuum, take out the
graphite crucible (11), clean up the residue of the graphite crucible (11), close the
door of the discharge chamber (10), face the discharge chamber (10) vacuum to the
required vacuum degree of the process, and cycle in turn.

The lithiumextraction tailings obtained from thedischarging chamber (10) include
12CaO•7Al2O3(s) and 3CaO•Al2O3(s) (slag). The chemical composition is calcium
oxide 53wt %, alumina 42wt%, the balance is other oxides.

Conclusions

1. The process of extracting lithium from the aluminum powder heat-reducing
lithium oxide is reasonable. The Al powder and the calcium oxide can extract
the metallic lithium from the lithium oxide at 0.13-133 Pa of vacuum and from
1100 to 1200 °C.

2. Laboratory scale of comprehensive experimental studies has shown that the
extraction of lithium metal is feasible, lithium recovery rate reaches 85%, and
the purity of the lithium ingot is better than 99.5%. This is a cleaning process
with no chlorine gas emissions.

3. Laboratory continuous reduction furnace improves lithium production efficiency
and reduces costs, it is worthy for further study, and it has a bright future. Contin-
uous process with aluminum powder for the extraction of metal lithium is simple,
of clean production, and low cost.
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Effect of Synthesis Method
on the Electrochemical Performance
of LiNixMnCo1-x-yO2 (NMC) Cathode
for Li-Ion Batteries: A Review

Monu Malik, Ka Ho Chan, and Gisele Azimi

Abstract With high specific capacity, high nominal voltage, low self-discharge, and
low cost, layered LiNixMnCo1-x-yO2 (NMC) cathode has gained interest for second-
generation lithium-ion batteries. Because the performance of Li-ion batteries highly
depends on the composition, crystallography, morphology, and other parameters
decided during synthesis, interest in developing high-performance Li-ion batteries
hasmotivated researchers to develop novel synthesismethods to control these param-
eters. Although significant progress has beenmade in several synthesis methods such
as sol–gel, hydrothermal, solid-state reaction, and emulsion drying at lab scale, an
industrially viable synthesis approach is needed for the cost-effective production
of highly efficient NMC cathode materials. This paper summarises the common
synthesis methods investigated at laboratory and industrial scales for new and regen-
erated NMC cathode from end-of-life Li-ion batteries and their effect on the battery
performance. It is found that co-precipitation is the most commonly used method
to produce NMC cathode, while spray pyrolysis is commonly used at the industrial
scale.

Keywords Co-precipitation · Lithium-ion · LiNixMnCo1-x-yO2 cathode ·
Solid-state · Spray pyrolysis

Introduction

Rechargeable lithium-ion (Li-ion) batteries have received significant attention over
the last few decades after their commercialization by Sony in the early 1990s because
of their high volumetric and gravimetric capacity, high efficiency, and long cycle
life [1]. With the advancement in technology and rapidly increasing demand for
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electric vehicles, more advanced, high capacity, high-performance Li-ion batteries
are required. Since most of the commercial cells use graphitic anode and transition
metal oxide cathode, several methods have been developed to prepare these different
electroactive materials (especially cathodes) with the goal of controlling the particle
morphology, composition, physical properties, and surface functionality. The perfor-
mance of these batteries significantly depends on the various parameters during
the synthesis of cathode material. There are several cathode materials used for the
Li-ion batteries such as lithium iron phosphate (LiFePO4, LFP), lithium cobalt
oxide (LiCoO2, LCO), lithium manganese oxide (LiMn2O4, LMO), lithium nickel
cobalt aluminum oxide (LiNixCoyAl1-x-yO2, NCA), and lithium nickel manganese
cobalt oxide (LiNixMnyCo1-x-yO2, NMC) [2].

Because of the synergic effect of the nickel (Ni), cobalt (Co), andmanganese (Mn),
NMC is one of the most successful combinations of these metals as a new-generation
energy-storage material providing very good performance in terms of specific power,
life span, cost, safety, and excels in specific energy. Ni provides high specific energy
but poor stability while Mn helps achieve low internal resistance by forming a spinel
structure but offers low specific energy [3]. Combining these two materials in the
NMC cathode compensates for their drawbacks. However, efforts are being made
to reduce the cobalt content from these cathodes due to the higher cost and limited
supply of cobalt. There are several methods to synthesize the NMC cathode such
as combustion, sol–gel, hydrothermal/solvothermal, and emulsion drying, the most
common being co-precipitation, followed by spray pyrolysis and solid-state reaction
methods [4]. Each method has its own advantages and disadvantages and can be
selected based on the application and production scale.

The co-precipitation method can be further divided into three categories:
hydroxide co-precipitation, carbonate co-precipitation, and oxalate co-precipitation,
where hydroxide co-precipitation is one of the most economical methods to produce
high tap density particles. However, it requires an inert atmosphere, otherwise, it
can lead to different structures and impurities. On the other hand, spray pyrolysis
provides several advantages such as uniform atomic-level mixing, effective particle
morphology control, short residence time, and excellent reproducibility, but suffers
from the formation of hollow secondary particles. The solid-state reaction method is
one of the most simple and cost-effective methods to produce an NMC cathode, but
requires significant mechanical mixing and long holding time. These methods have
been thoroughly investigated by various researchers, which helps to understand the
impact of these synthesis techniques on the properties of the cathode material such
as tap density, particle size and shape, crystallinity, and ultimately electrochemical
performance.

Although some review papers reported themethods of synthesizing cathodemate-
rials for Li-ion batteries, none of them have focused on NMC cathode alone, which
is considered as second-generation cathode for Li-ion batteries. This paper provides
a review of the major synthesis methods used to prepare NMC cathode material and
provides a comprehensive and systematic literature review covering several orig-
inal research articles. Each method is briefly discussed while highlighting the effect
of various synthesis parameters on the properties and electrochemical performance
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of NMC cathode material. The results obtained from the literature and optimized
conditions for the co-precipitation method are also discussed.

Co-precipitation Method

Although the co-precipitation method has a long history of application in water treat-
ment,metalmining, and the pharmaceutical industry, its application for Li-ion battery
materials is more recent. The method is used for several types of cathodes for Li-ion
batteries, and it has gained popularity for the synthesis of NMC cathode in the last
5–10 years. This method is often used for batch production of the cathode materials,
and the process is usually carried out in a continuous reactor system shown in Fig. 1.
The method is also commonly used to synthesize regenerated cathode from end-
of-life Li-ion batteries. The process of co-precipitation has several parameters that
can significantly affect the morphology and composition of the particles including
temperature, atmosphere, stirring speed, pH, and chelating agent concentration. A
variation in these co-precipitation conditions and chemistry of the particle can result
in different particle morphologies including sphere, cube, needle, cubical rod, ellip-
soid, hollow sphere, star, dumbbell, plate, and others. Figure 2 present a few examples
of these unique morphologies obtained from the literature. The most common shape
of the NMC secondary particle prepared from co-precipitation is spherical.

The process of synthesizing a typical NMC cathode material is shown in Fig. 1a,
where the salt of different transition metals in the stoichiometric amount is mixed
inside a continuous stirred tank reactor (CSTR) with water to prepare a homoge-
nous solution. The prepared solution is kept at a predefined temperature using an

Fig. 1 Schematic of NMC battery synthesis methods: a Co-precipitation, b Solid state, c Spray
pyrolysis. (Color figure online)
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Fig. 2 Cathode particles of different morphologies obtained from co-precipitation reactions:
a sphere, b cube, c needle, d rod, e ellipsoid, and f star. (Modified from [8–11])

external heat source while stirring continuously, and pH is usually adjusted using
sodium hydroxide (NaOH) solution fed directly to the CSTR to form precipitates.
A chelating agent such as ammonium hydroxide (NH4OH) is used to control the
reaction parameters. A gas such as nitrogen or argon can be flown through the CSTR
depending on the type of the co-precipitationmethod tomaintain an inert atmosphere
to avoid the oxidation ofmetal ions such asMnandNi. The obtained (NixMnyCo1-x–y)
(OH)2 precipitates are filtered, washedwith deionizedwater, and dried beforemixing
with a Li salt. The mixture of co-precipitates and Li salt is heated to around 500 °C
(depending on the melting point of Li salt used) for melting and uniform distribution
of Li and sintered at 700–1000 °C in air to obtain the final cathode material.

The co-precipitation process can be further divided into three types: hydroxide
co-precipitation, carbonate co-precipitation, and oxalate co-precipitation. Among
these, hydroxide is the most popular, effective, and economical co-precipitation
method followed by carbonate and oxalate. In the case of hydroxide co-precipitation,
the shape, morphology, and size of the particle do not change significantly during
sintering [5]. Therefore, the shape and structure of the secondary particles can be
decided during precipitation. One of the major disadvantages of the hydroxide co-
precipitation method is the coexistence of impurities such as MnOOH, MnO2, and
Mn3O4 with manganese hydroxide (Mn(OH)2) due to the oxidation of Mn2+ toMn3+

and Mn4+ in the presence of oxygen in the air. Therefore, the process requires an
inert atmosphere during the precipitation to avoid such impurities. On the other hand,
carbonate precipitation can be performed in an open atmosphere because most of
the transition metal cations including Mn remain in the divalent oxidation state by
the fixation of CO3

2− anion groups [6]. The main disadvantage of the carbonate co-
precipitates is increased porosity of secondary particles that becomemore susceptible
to fracture during calendaring, and the compositional difference between the desired
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transition metal ratio and feed material due to the difference in precipitates solubility
[7]. The process of oxalate co-precipitation which uses oxalic acid is similar to the
other two methods but it is significantly cheaper and more environmentally friendly,
making it effective for industrial applications.

Effect of Synthesis Parameters

Asdiscussed earlier, co-precipitation canbeused to synthesize particleswith different
morphologies such as rods, cubes, and plates, but the spherical shape is the most
preferred one because spheres tend to pack relatively densely leading to the desir-
able high tap density and electrode loading. This section is focused on the effect of
pH, chelating agent concentration, and stirring speed on particle morphology of the
hydroxide co-precipitates.

The change in pH has a significant effect on hydroxide precipitation both in terms
of chemistry and the complexes of different species that form in the solution. In the
case of hydroxide precipitation, it has been reported in the literature that the increase
in the pH leads to a decrease in the size of secondary particle NMC hydroxide
due to higher supersaturation and faster precipitation speed [1, 12]. In a previous
study, authors varied pH to 11, 11.5, and 12 with a constant value of chelating agent
concentration (0.24 M) and stirring speed (1000 rpm). As shown in Fig. 3a–c, the
particle size significantly reduced from around 10 μm to 2–3 μm, and tap density
reduced from 2.28 to 1.51 g cm−3 when pH increased from 11 to 12.

Another study showed that the use of a chelating agent such as NH4OH during
precipitation helps increase the tap density ofmaterial without sacrificing the specific
capacity [12]. The authors varied the concentration of the NH4OH in the range of
0.12–0.36 M and reported the most regular spherical particle and the narrowest size
distributionwith the highest concentrationwithin their investigation ranges, as shown
in Fig. 3d–f. The tap density also increased from 2.04 to 2.23 g cm−3 with an increase
in chelating agent concentration from 0.12 to 0.36 M.

The stirring speed during the precipitation also plays an important role in deter-
mining the morphology of the secondary particle (Fig. 3g–i). In this figure, stirring
speedwas varied from 400 to 1000 rpm, while using optimized condition for NH4OH
chelating agent (0.36 M) and pH (11). At 400 rpm, bulky secondary particles that
formed with random size distribution were observed. As the stirring speed increased
from 400 to 1000 rpm, more spherical and uniform secondary particles composed of
more densely packed primary particles formed. Moreover, the tap density increased
from 2.12 to 2.39 g cm−3.
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Fig. 3 SEM images of (Ni1/3Co1/3Mn1/3)(OH)2 precipitated at different synthesis conditions: at
pH a 11, b 11.5, and c 12, with 0.36 M NH4OH and stirring speed of 1000 rpm; at NH4OH
concentration of d 0.12, e 0.24, and f 0.36 M, with stirring speed of 1000 rpm and pH 11; and at
stirring speed of g 400, h 600, and i 1000 rpm with 0.36 M NH4OH and pH 11

Effect of Sintering Conditions on Electrochemical
Performance

After co-precipitation, the hydroxides are dried and usually mixed with lithium
hydroxide (LiOH) and normally heated to the melting point of LiOH for uniform
distribution of Li. The obtained mixture is grounded and sintered again at 700–
1000 °C in air or pure oxygen for the crystals to align together and form a layered
structure. Therefore, sintering conditions can also impact the morphology of the
final cathode material and its electrochemical performance in a full cell. Several
researchers investigated the effect of sintering conditions on the electrochemical
performance of NMC cathode some of which are presented in Table 1 [12–15]. Lee
et al. [12] varied the sintering temperature in the range of 900–1000 °C and reported
the optimum electrochemical performance with a discharge capacity of 168 mAh
g–1 using cathode sintered in air at 1000 °C. However, Kim et al. [15] obtained the
same discharge capacity with cathodes sintered at a lower temperature (700 °C) but
for a longer period. This shows that sintering for longer periods compensates for
lower temperatures. Most of these studies performed the sintering process in air and
reported similar size secondary particles (10–20 μm) and similar discharge capacity
(~168 mAh g–1).
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Solid-State Reaction Method

Solid-state synthesis is one of the oldest and simplest methods in the literature
to prepare battery active materials and is commonly used for the preparation of
nanometer-sized NMC cathode material in the industry due to low requirements of
equipment and easy process control. The synthesis process is simple in which all
transition metal oxides and Li salt are mixed and sintered at around 800–1000 °C
similar to co-precipitation shown in Fig. 1b. The main advantage of this method is
that the correct stoichiometry of Li and transition metals can be obtained easily, but
it requires strong mechanical mixing and long hold time at high temperature. In this
case, metal constituents have to move large distances through solid phases to find
their desired atomic positions, and elevated temperature assists in accelerating the
diffusion process and long hold time helps reach the structure equilibrium. There-
fore, sintering time and temperature play a critical role in the morphology and phase
purity of the cathodematerial. Tan and Liu [16] synthesized the LiNi1/3Co1/3Mn1/3O2

cathode using α-MnO2 nanorods as the source of Mn and investigated the effect of
metal source and sintering temperature (800–950 °C) on cation mixing and elec-
trochemical performance. The optimum performance of the cell was reported with
cathode sintered at 900 °C, which gave a discharge capacity of 136.9 mAh g–1 at a
high current density of 1000 mA g–1. Li et al. [17] reported the highest discharge
capacity of 176 mAh g–1 with cathode sintered in an oxygen environment at 950 °C,
but at a much lower current density of 40 mA g–1, as presented in Table 1.

Spray Pyrolysis

Spray pyrolysis is a versatile method that is normally used to produce commercial
transition metal oxide materials at a large scale, but it is not commonly used in
academic research due to increased equipment cost and complexity. This method
has several advantages such as short residence time, high production rate and purity,
narrow particle size distribution, and excellent reproducibility [18]. Spray pyrolysis
is a continuous synthesizing technique, where the solution of transition metal and Li
salt in water is atomized/aerosolized to form micron-sized droplets using a nebulizer
as shown in Fig. 1c. These droplets are carried to a reactor at elevated temperature,
where each droplet serves as a microreactor and undergoes a series of physical and
chemical processes to form the cathode particle. These particles are collected at the
outlet by filters and depending on the reactor conditions, they can be directly used
as a cathode or further sintered at an elevated temperature similar to other methods.
The morphology of the cathode material from this method depends on the type of
nebulizer, reactor temperature, solution concentration, and residence time. Table 1
shows selected properties of cathode material synthesized using the spray pyrolysis
method and their electrochemical performance. Most previous studies reported the
optimum reactor temperature of around 500 °C with an average specific discharge
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capacity of above 150 mAh g–1. One of the common issues with the spray pyrol-
ysis method is the formation of the hollow shell-like particles, which significantly
reduces the tap density and electrode volumetric capacity. Lengyel et al. [19] partially
resolved the low tap density issue using the flame-assisted spray technology-slurry
spray pyrolysis method and achieved 1.05 g cm–3, however, this value is still lower
than that obtained by other synthesis methods.

Conclusions

In the present paper, the most commonmethods to synthesize NMC cathode material
were summarised, and the effect of various parameters in these methods on particle
morphology and electrochemical performance is discussed. Among the available
methods, co-precipitation is most popular due to low cost, high production rate,
ease of controlling the process parameter, and achieving high tap density. Although
precipitation reaction is straightforward, careful control of reaction parameters is
highly essential to obtain the desired properties. Hydroxide is the most common
synthesis method among the three co-precipitation techniques due to the ease of
controlling the morphology of cathode particles, but it requires an inert atmosphere
which increases the production cost. The solid-state reaction method is the simplest
method to produce NMC cathode material because the correct stoichiometry can
be achieved easily. However, the process is considered energy-intensive because
of the need for extensive mechanical mixing and long hold time during sintering at
elevated temperatures. Spray pyrolysis is a versatilemethod to produceNMCcathode
material at a large scale with high reproducibility. Spray pyrolysis is a continuous
synthesizing technique and has several advantages such as short residence time, high
purity, and narrow particle size distribution, but it often leads to the formation of
the hollow shell-like particles, which significantly reduce the tap density. Overall,
co-precipitation is most suited for batch production of NMC cathode material, while
spray pyrolysis is the best method for continuous production.
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Recovery of Cobalt as Cobalt Sulfate
from Discarded Lithium-Ion Batteries
(LIBs) of Mobile Phones

Pankaj Kumar Choubey, Archana Kumari, Manis Kumar Jha,
and Devendra Deo Pathak

Abstract Cobalt, an exceptional cathode material present in lithium-ion batteries
(LIBs), is an essential element for the production of energy storage devices. But, the
lifespan of rechargeable batteries is decreasing day-by-day, which become obsolete
after reaching their end of life. Therefore, an enormous amount of discarded LIBs are
generated. Keeping in mind the above, a novel approach has beenmade to selectively
recover cobalt from sulfate leach liquor of discarded LIBs containing 1.4 g/L Cu,
1.1 g/L Ni, 11.9 g/L Co, 6.9 g/L Mn, and 1.2 g/L Li. Initially, Cu and Ni were
extracted by solvent extraction techniques using 10% LIX 84-IC. Almost complete
precipitation of cobalt occurred from leach liquor at pH ~3 using ammonium sulfide
solutions. Cobalt from the precipitated product was further dissolved in H2SO4 in
presence of H2O2 at elevated temperature. The leach liquor obtained was evaporated
to get the cobalt sulfate with a purity of more than 98%.

Keywords Spent LIBs · Leach liquor · Precipitation · Cobalt · Cobalt sulfate

Introduction

Lithium-ion batteries (LIBs) are extensively used in portable electronic devices as
well as in electric vehicles to store energy. The unique properties of LIBs such as
their high energy storage capacity and high specific energy have increased their
demand to fulfill various technological applications [1, 2]. But with the passage
of time, the energy storing capacity of LIBs decreases, thus resulting in the huge
generation of waste LIBs. In 2017, ~12 billion units of obsolete LIBswere generated,
which is expected to reach ~25 billion units by the end of 2020 [1]. Presently ~10%
spent LIBs are reported to be recycled by the formal sector while the rest of the
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batteries remains untreated or recycled in an illegal manner. This illegal treatment
of scrap batteries results in the loss of valuable metals [2]. These discarded batteries
contain a significant amount of cobalt (Co) and manganese (Mn) along with other
valuable metals like lithium (Li), nickel (Ni), etc. Hence, it is necessary to develop
sustainable recycling routes for the recovery of Co from these discarded LIBs due to
a lack of abundant natural resource and to mitigate their demand–supply gap. Several
researchers studied different techniques but generally, pyro- and hydro-metallurgical
routes were employed for the recovery of Co from discarded LIBs [3–5]. Hanisch
et al. (2015) treated the spent LIBs at high temperature (600 °C) to get the roasted
product and further leached them in 2 M H2SO4 at 60 °C in the presence of 10%
hydrogen peroxide to leach out Co [3]. 4 mol/L HCl is reported to be used to enhance
the Co leaching efficiency up to 99% at 80 °C in 60 min keeping the pulp density
at 20 g/L. But a quite long reaction time (180 min) was required to get the same
leaching efficiency of Co in 3 mol/L H2SO4 at 90 °C in the presence of 0.25 g/L
Na2S2O3 (reductant) [4, 5]. Apart from this, organic acids like citric acid, malic acid,
and ascorbic acid have also been used to leach out Co from spent LIBs. Almost 98%
cobalt was leached in 1.0 mol/L oxalic acid at 80 °C in the presence of hydrogen
peroxide. The advantage of this leaching system lies in the selective precipitation of
Co as oxalate salt (CoC2O4), while other metals Li, Mn, Ni, and Al remained in the
leach liquor [6, 7]. Ascorbic acid also acts as a self-reductant and hence eliminates
the requirement of any other reducing agent during Co leaching [8].

Subsequently, precipitation studies were carried out to recover the metals from
leach liquor of LIBs using a number of precipitating agents [4, 9]. Initially, Mn
was precipitated with potassium dichromate (KMnO4) at pH 2. After the separation
of manganese, Ni and Co were removed as nickel-dimethylglyoxime (Ni-DMG)
and cobalt hydroxide complex, respectively [4]. Finally, lithium was precipitated as
lithium carbonate using sodium carbonate as a precipitant at 90 °C in a range of pH
11 to 12 [9].

In this paper, a novel process flow-sheet has been reported to selectively recover
Co as hydrated cobalt sulfate (CoSO4·7H2O) from leach liquor of spent LIBs
using precipitation followed by sulfate leaching and evaporation. Various process
parameters were optimized for the recovery of pure Co in sulfate form.

Experimental

Materials

Spent LIBs supplied by the local market were used for experimental purposes. The
spent LIBs are mainly composed of cathode, anode, separator, and electrolyte. The
cathodic materials contain lithium, cobalt, manganese, and nickel in the form of
their oxides such as lithium cobalt oxide (LiCoO2), lithium cobalt manganese nickel
and oxide (LiCoMnNiO2). Initially, sodium chloride solution was used to discharge
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Table 1 Typical composition of spent LIBs (wt %)

Li Co Mn Ni Cu Graphite Others

2.1 13.4 7.1 2.3 2.5 55.1 ~20

Table 2 Chemical composition of leach liquor (g/L)

Li Co Mn Ni Cu

1.2 11.9 6.9 1.1 1.4

the LIBs prior to pre-treatment. Thereafter, LIBs were crushed using the scutter
crusher, and separated into different components such as black powder, metallic
concentrate, and plastic materials. The obtained black powder was dissolved in
sulfuric acid at optimized leaching conditions [10]. The detailed composition of spent
LIBs and leach liquor used in this study are presented in Tables 1 and 2, respec-
tively. Ammonium sulfide (Analytical grade, supplied by Loba Chemie Pvt. Ltd.,
Mumbai, India), sulfuric acid, hydrogen peroxide, and sodium hydroxide supplied
by E. Merck, Mumbai India were used during the experiments (E. Merck, Mumbai,
India, analytical Grade).

Methodology

Precipitation Procedure

Bench-scale studies were carried out in a beaker (capacity 200 mL) containing 100
mL leach liquor with the addition of different amounts of ammonium sulfide (2–10%
v/v) under a constant stirring facility to uniformly mix the solution. During precipi-
tation, the pH of the solution was kept constant ~3.0 throughout the experiments by
adding ammonium sulfide and sulfuric acid solution. Solution temperature was also
kept constant (30 °C) with the help of a temperature-controlling sensor. The slurry
was filtered and metal content in the filtrate was analyzed using Inductively Coupled
Plasma-Optical Emission Spectroscopy (ICP-OES) (VISTA MPX, CCD Simulta-
neous, Make: Australia) and Atomic Absorption Spectrometer (AAS) (Model no.
AAS 200, Make Perkin Elmer, USA).

Leaching Procedure

The leaching experiments were carried out in a temperature-controlled leaching
reactor fitted with a reflux condenser to avoid loss of solution during the experi-
ments. Different concentrations of sulfuric acid were used as a leaching agent at
pre-selected temperature (30–60 °C) with the help of temperature-sensitive hot plate
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having amagnetic stirring facility tomaintain the stable temperature. On reaching the
set temperature, the desired amount of sample was charged into the leaching reactor
under a stirring speed of 400 rpm, which was found sufficient to ignore the effect
of mass transfer on leaching. Sampling was carried out at different time intervals
during experiments to observe the effect on leaching of metals. Once the leaching
was completed, the solution was filtered and the residue left was dried in a vacuum
oven and kept for further analysis.

Results and Discussion

Leach liquor of spent LIBs containing 1.4 g/L Cu, 1.1 g/L Ni, 11.9 g/L Co, 6.9 g/L
Mn, and 1.2 g/L Li was used for the recovery of cobalt. At first, Cu and Ni were
removed by a solvent extraction process using 10% LIX 84-IC as an extractant.
Thereafter, the precipitation process was used to selectively precipitate the cobalt
from the raffinate obtained after the separation of Cu and Ni. The detailed discussion
is presented below.

Precipitation of Cobalt from Leach Liquor

In order to selectively precipitate cobalt from the leach liquor, precipitation studies
were carried out using different concentrations of ammonium sulfide varying from 2
to 10% (v/v), while maintaining pH ~3. The result shows that (Fig. 1) the precipita-
tion of cobalt increases with increase in ammonium sulfide concentration due to an
increase in the content of sulfur ionwhich facilitates the formation of insoluble cobalt
sulfide species resulting in the enhancement of cobalt precipitation. About 30.1%

Fig. 1 Effect of ammonium
sulfide concentration on Co
precipitation. [Solution:
Leach liquor of spent LIBs;
Precipitant: ammonium
sulfide; pH: 3; Time:
30 min]. (Color figure
online)
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Fig. 2 Effect of sulfuric acid
concentration on
Co leaching. [Solid:
Precipitated cobalt sulfide;
Acid: H2SO4; Additive: 10%
H2O2; Time: 30 min]. (Color
figure online)
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Co was precipitated with 2% ammonium sulfide (v/v) while 99.2% Co precipitated
with 8% ammonium sulfide (v/v). Lithium and manganese remained in the filtrate.
Hence, 8% ammonium sulfide (v/v) was chosen as the optimum concentration for
the precipitation of cobalt from leach liquor of spent LIBs. Precipitated cobalt sulfide
was further dissolved in sulfuric acid solution to recover the cobalt in the form of
cobalt sulfate.

Leaching of Cobalt from the Obtained Precipitate/Cobalt
Sulfide

In order to get Co as hydrated cobalt sulfate, the precipitate of cobalt sulfide was
further leached in sulfuric acid in a range varying from 5 to 15% (v/v) in the presence
of 10% (v/v) hydrogen peroxide at elevated temperature. Figure 2 shows that the
leaching of cobalt was found to increase with the increase in the acidic strength of
the solution, which facilitated the dissociation of the sulfide molecule of cobalt. As
a result, cobalt leaching efficiency was increased. Further, the increase in the acid
concentration above 15% had no significant effect on the leaching of cobalt. Hence,
15% H2SO4 was considered as optimum acid concentration for cobalt leaching from
precipitated cobalt sulfide.

In addition, reductant concentration (H2O2) was also varied from 5 to 15% at
elevated temperature to leach out cobalt from the precipitated product (cobalt sulfide).
It was found that 75.2% Co dissolved in 15% H2SO4 at 60 °C in 30 min when 5%
H2O2 was added to the leachant, while cobalt leaching was enhanced up to 99.2%
when 10% H2O2 was added to the solution under the same experimental conditions.
The leaching of cobalt was found to increase with the addition of hydrogen peroxide
due to the generation of sufficient dissolved oxygen or nascent oxygen, which might
be responsible for the enhancement of cobalt leaching efficiency. Further, the role of
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LEACHING 

Leach Liquor (1.4 g/L Cu, 1.1 g/L Ni, 11.9 
g/L Co, 6.9 g/L Mn and 1.2 g/L Li) 

Co-PrecipitationAmmonium sulfide 

Precipitated product 
(Cobalt sulfide)

Co-Solution 

CoSO4.7H2O

Filtrate (Mn and Li) 

LIX 84-IC Solvent Extraction Cu (pH: ~2) and Ni (pH: ~4.5)

Raffinate (11.9 g/L Co, 6.9 g/L Mn and 1.2 g/L Li) 

FILTRATION

Dil. Sulfuric acid +Additive 

EVAPORATION

Mn-Precipitation (pH~10)

FILTRATION Manganese hydroxide 
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DilNaOH 

Fig. 3 Developed process flow-sheet for the recovery of cobalt from leach liquor of spent LIBs

temperature was also studied and found that leaching of cobalt gradually increased
with an increase in solution temperature up to 60 °C due to an increase in the rate of
reaction. But above 60 °C, the temperature had no significant effect on the enhance-
ment of cobalt leaching efficiency. Therefore, 60 °C temperature was considered as
the optimum temperature for cobalt leaching fromprecipitated cobalt sulfide. Finally,
a process flow-sheet has also been developed for the separation of copper, nickel,
cobalt, manganese, and lithium from leach liquor of spent LIBs as presented in Fig. 3.

Conclusion

Based on the lab-scale precipitation and leaching studies, the following conclusions
have been drawn for the recovery of cobalt from leach liquor of spent LIBs.

1. 99.2% cobalt was precipitated from leach liquor of spent LIBs in 30 min at room
temperature using 8% (v/v) ammonium sulfide as a precipitating agent, while
lithium and manganese remained in the solution.

2. It was found that 60.4% cobalt dissolved from the precipitated product with 5%
H2SO4 at 60 °C in 30 min in the presence of 10% H2O2 (v/v).

3. Complete leaching of cobalt (99%) occurred using 15%H2SO4 at 60 °C in 30min
with the addition of 10% H2O2 (v/v).
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4. Finally, leach liquor of the precipitated product was evaporated to get cobalt
sulfate of purity more than 98% as shown in Fig. 3.
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Environmental Aspects
of the Electrochemical Recovery
of Tellurium by Electrochemical
Deposition-Redox Replacement (EDRR)

P. Halli, M. Rinne, B. P. Wilson, K. Yliniemi, and M. Lundström

Abstract The current study investigates the energy consumption and the corre-
sponding global warming potential (GWP) of tellurium recovery from multimetal
solution by the use of a tailored electrochemical recovery approach based on
electrodeposition-redox replacement (EDRR). A three-electrode cell was used to
recover Te from synthetically prepared pregnant leach solution similar to the PLS of
leached Doré slag (30% aqua regia, [Cu] = 3.9 g/L, [Bi] = 4.6 g/L, [Fe] = 1.4 g/L,
and [Te] = 100–500 ppm). The enrichment of Te on the electrode (with 100 EDRR
cycles) had a calculated global warming potential of 3.7 CO2 -eqv from a solution
with 500 ppm Te based on a Finnish energy mix. In comparison, a decrease of Te
concentration to 100 ppm increased the corresponding environmental impact to 16.9
CO2 -eqv. Overall, GWP was shown to be highly dependent on the geographical
area, i.e. the dominating energy production methods.

Keywords Tellurium ·Metals circular economy · Energy efficiency · Life cycle
assessment (LCA)

Introduction

Tellurium is a rare metalloid element, which has an abundance in the Earth’s crust
of approximately 1 ppb [1] cf. gold of ~5 ppb [2]. Although the application of
tellurium is at present rather limited—semiconductors [3], thermoelectrics [4], and
CdTe solar panels [5], which have potentially higher efficiency compared to the
traditional solar panels [6]—the heightened demand for renewable energy systems
[7] will require access to increased levels of tellurium. However, as the content of
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tellurium in Earth’s crust is relatively low, the production of applications employing
tellurium is also relatively low but the demand is increasing. Currently, the primary
source of tellurium comes from the treatment of copper anode slime via a variety of
different pyro- and hydrometallurgical unit processes [8, 9]. Nevertheless, in order
to promote a more ambitious circular economy of metals, different methods for the
recovery of minor/trace concentrations of tellurium (and other rare metals) which
are currently lost are essential.

The electrodeposition redox-replacement (EDRR) technique has recently been
investigated as an alternative route for the recovery of metals like gold, silver, plat-
inum, and tellurium in the field of hydrometallurgy [10–14]. Themethod is based on a
multistep approach that involves the electrodeposition of a less noble—typically base
metal—material on an electrode surface with short pulses (typically a fewµs to a few
s) followed by a predefined time under open-circuit conditions (OCP) to allow the
spontaneous redox replacement of the electrodeposited layers by the nobler target
element. The parameters applied during EDRR include deposition potential (E1),
cut-off potential (E2) or deposition current (i), deposition time (t1), cut-off time (t2),
and the number of EDRR cycles (n). More details about the overall procedure can be
found elsewhere [10–14]. This tailored electrochemical method for the recovery of
minor metals or trace amounts of metals from complex multimetal solutions offers
a way to increase the sustainability of metal processing.

Life cycle assessment (LCA) is a standardized, systematic method (ISO 14040) to
evaluate the environmental impacts of a product or a process through the calculation
of a number of impact category indicators. One of the main indicators used is global
warming potential (GWP), which relates to atmospheric heat captured due to the
associated greenhouse gases emitted and allows different processes or methods to
be compared based on their ecological effects. This study demonstrates the environ-
mental impact, specifically GWP, related to energy consumption by a novel direct
Te recovery method, EDRR.

Experimental

The base solution utilized consisted of 30% aqua regia [10] (1:3 molar ratio of
nitric and hydrochloric acids, VWR Chemicals, Belgium) diluted with Milli-Q ion-
exchanged water (Merck Millipore, USA). Due to the aqua regia medium, the
high concentration metals—Bi, Cu, and Fe—were sourced from nitrite and chlo-
ride salts (bismuth(III) nitrate pentahydrate, Alfa Aesar, Germany; copper(II) chlo-
ride dehydrate, VWR Chemicals, Belgium; and iron(III) nitrate nonhydrate, Alfa
Aesar, Germany) in order to avoid any potential sulfate contamination. Tellurium
content of the solution was varied between 100 and 500 ppm through the use of a
Te AAS standard (Sigma-Aldrich, USA) and all chemicals were of technical grade.
The electrochemical setup was a typical three-electrode cell with saturated calomel
electrode (SCE, B521, SI Analytics, Germany) as a reference electrode (RE), 0.1mm
thick (A = 24 cm2) platinum plate as a counter electrode (CE), and 0.1 mm thick
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(A = 0.4 cm2) platinum plate as a working electrode (WE). Both Pt plates were
from Kultakeskus (Finland) with a purity of 99.5%. A potentiostat (IviumStat 24-bit
CompactStat, Ivium Technologies, the Netherlands) was employed for the electro-
chemical measurements. In order to determine the mass of the deposit, the working
electrode was weighed before and after the electrochemical experiments by Mettler
Toledo (XSE205, DualRange, USA), weightings done in triplets. SEM–EDS (scan-
ning electron microscope, Mira3 Tescan GM, Czech Republic; energy dispersion
spectroscopy, Thermo Scientific 50 mm2 UltraDry, USA) was used to estimate the
purity of the deposit with ten spot analyses performed for each sample, and the
average values are reported.

During the EDRR experiments, a previously determined deposition potential (E1)
of −500 mV versus SCE and cut-off potential (E2) of +150 mV versus SCE was
used [10]. Deposition time (t1) was 2 s, the cut-off time (t2) 1000 s, and the total
number of applied EDRR cycles (n) was 100. The specific energy (Es) consumption
[kWh/kg] of the EDRR method for recovering tellurium was calculated by using
Eq. (1) [13]:

Es =
Ecell ·

t1∫

0
i(t)dt

mTe
(1)

whereEcell is the cell voltage [V], i(t) is the function of currentwith time, i.e. electrical
current is integrated over the time spent for the ED step, resulting in consumed
electrical charge [As], t1 is the time spent for the ED step [s], and mTe is the mass of
recovered tellurium [g].

Results and Discussion

The measured tellurium content in the deposits on the electrode surface is presented
in Table 1. The enrichment Te on the electrode surface was almost the same (~76–80
wt% by SEM–EDS), regardless of the tellurium content on the original solution.
Other metals that were found to predominate in the surface metal deposit analysis
included Cu (from 2.4 to 7.8 wt%) and Bi (from 13.0 to 16.3 wt%). Tellurium within
the deposits is suggested to be either in the pure metallic form or as an alloy with

Table 1 Purity of Te in the
metal deposits (analysed by
SEM–EDS) on the electrode
surface after conducting the
EDRR experiments with E1
= −500 mV and E2 = +
150 mV versus SCE, t1 = 2 s,
t2 = 1000 s, and n = 100

Te content in the solution
(ppm)

Purity of Te on the electrode
(wt%)

500 76

250 79

125 80

100 80
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Cu and Bi (e.g. CuTe and Bi2Te3). The purity of the recovered tellurium was also
found to be in good agreement with previously published results [10]. Moreover, in
solutions with 500, 250, 125, and 100 ppm tellurium, the corresponding tellurium
recoveries on the electrode with 100 cycles were 0.34%, 0.43%, 0.35%, and 0.36%,
respectively. Although the recovery of tellurium is rather low, it is worth noting
that the total processing time was also short. For example, when n = 100, the total
EDRR time spent with a 500 ppm tellurium solution was only ~1 h. Furthermore, it
is assumed that an increase in the number of cycles (n) will lead to enhanced levels
of tellurium recovery.

The calculated specific energy consumption for tellurium recovery—defined by
the deposit mass multiplied by the Te content (SEM–EDS)—varied from ~14 to
~63 kWh/kg with tellurium content of 500 ppm originally in solution to 100 ppm in
solution, Fig. 1. Moreover, one of the limiting factors for EDRR is mass and/or
charge transfer [10–14] and the ion movement further away from the electrode
surface requires in the order of a magnitude more time cf. the ions that are closer to
the electrode surface. Therefore, also the energy consumptions are increased when
decreasing the tellurium content due to a lower amount of ions in the solution,
leading to a situation, where there is a lower amount of ions closer to the electrode
surface. However, the lower content of tellurium has not a direct effect on the recov-
ered purity (Table 1) or on the recovery rates, but more energy is consumed during
the process. The specific energy consumption for tellurium recovery was found to
be approximately the same with the two highest concentrations employed (250–
500 ppm), however, it was found to drastically increase as the level of Te in the
solution decreased, Fig. 1.

In order to get more understanding about the environmental impact of the selected
tellurium recoverymethod, the globalwarming potential (GWP) of EDRRwas calcu-
lated by using GaBi software [15] (ecoinvent 3.5, [16]). GWP indicates the measured

Fig. 1 Calculated specific
energy consumptions of the
EDRR method as a function
of tellurium in the solution.
(Color figure online)
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Fig. 2 GWP values for
tellurium recovery by EDRR
from 100 and 500 ppm
solutions in the largest
tellurium producing
countries, in the European
continent and Finland based
on the specific energy
consumption based on the
ecoinvent 3.5 database.
(Color figure online)
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heat trapped in the atmosphere by various greenhouse gases when compared to CO2

over a 100-year time window. GWP is scaled for one unit (kg) of CO2, therefore,
e.g. methane has 21 CO2 -eqv and N2O 310 CO2 -eqv. The selected countries for
GWP determination were the top four tellurium producing countries (China, Japan,
Sweden, and Russia [17]), along with Finland and the European average without
Switzerland. The database values for the electricity production mixes were from the
year 2018/2019, and the GWP values were calculated for the electricity consumption
of tellurium recovery from 100 (~63 kWh/kg) and 500 ppm (~14 kWh/kg) solutions.

The results suggest that the GWP values for the recovery of tellurium from
100 ppm solutions was considerably larger than from 500 ppm solutions, Fig. 2.
The average energy production mix (ecoinvent 3.5, [15]) suggests that the impacts of
producing telluriumare expected to be larger inChina, Japan, andRussia compared to
Europe. The main factor for the increased GWP values results from the database that
includes high-level GWP fossil fuel-driven energy sources, whereas nuclear power
is listed as GWP energy sources that produce no direct emissions. Nevertheless, the
database does not take into account the other aspects related to power sources, for
example, the radioactive waste produced by nuclear power or the huge demand for
critical metals needed required for renewable energy applications like solar panels
[18, 19].

In Russia, the share of nuclear power utilized is relatively large, whereas the
Fukushima incident in 2011 has largely decreased nuclear power use in Japan [20]
and consequently, increased the share of imported fossil fuels in Japan. Although
Finland’s electricity sector is far less CO2—intensive than the European average,
Finland (16.9 and 3.7 kg CO2 -eqv/kg) was still reliant on fossil fuels cf. Sweden (1.8
and 0.4 kg CO2 -eqv/kg), Fig. 2. Although both Nordic countries primarily utilize
nuclear and hydropower as their sources of low-emission electricity, the extent is
much larger in Sweden, which explains the discrepancy [21].
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This study suggests that the concentration of tellurium in solution has a marked
effect on the energy consumption required for Te recovery. Nevertheless, the GWP
value related to tellurium recovery is not necessarily dependent on the process,
process optimization, and process conditions, but rather that the origin of energy,
i.e. the energy production method used is also a key factor. For example, despite the
higher energy consumption required for EDRR with a 100 ppm tellurium solution,
the related GWP value for tellurium recovery is calculated to be lower in Sweden
when compared to tellurium recovery from a 500 ppm solution in Finland. Therefore,
the local electricity production methods used for tellurium recovery by EDRR will
have a significant impact on the environment and overall global warming potential.
Therefore, the individual energy mix, which is averaged across a whole country,
is not always accurate as there are often local variations. Nevertheless, the results
presented in Fig. 2 highlight both the opportunities and challenges related to energy
productionmethods, as the usage of fossil fuels and their direct greenhouse gas emis-
sions ultimately have a dominating impact on the sustainability of the industrial scale
application of “electricity-based technologies” like EDRR for tellurium recovery.

Conclusions

The specific energy consumption of the EDRR process in terms of recovering
tellurium was determined to increase with decreasing Te solution content. Corre-
spondingly, the global warming potentials (GWP) of the EDRR method were also
found to be increased with reduced tellurium concentrations. With 250–500 ppm
tellurium in solution, the emissions were only ~16% of those calculated for the
100 ppm solution of tellurium. Moreover, the geographical location, and especially
the national or local energy production mix, was found to have a major impact effect
on the level of GWP expected.
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Sodium Metal from Sulfate

Jed Checketts and Neale R. Neelameggham

Abstract A newmethod of making sodiummetal from sodium sulfate is discussed.
Anhydrous sodium sulfate as may be made from sodium sulfate waste solutions is
reduced with aluminum metal. The reactor design to make sodium metal along with
aluminum and sulfur oxides minimizing wastes is explored. Thermochemical tools
are used in this development. Experiments carried out in this regard and how they fit
the thermochemistry are evaluated in this paper.

Keywords Sodium metal · Sodium sulfate · Aluminothermic · Lantern reactor

Introduction

During the 1990s, Powerball Technologies, Salt Lake City, Utah, developed a
method to provide hydrogen on demand, where metallic sodium was encapsulated
in polyethylene. The encapsulated sodiummetal is cut by a mechanism in water kept
inside a pressure vessel, and the hydrogen generated by sodium reaction with water
builds up pressure and is made available to external devices, such as fuel cells or
burners on demand [1, 2]. Powerball Technologies explored methods of regenerating
sodiummetal from the sodiumhydroxidemadeduring thehydrogenproduction [3, 4].
Known techniques were electrolysis, carbothermic reduction, and methanothermic
reductions. Market conditions were not suitable towards the turn of the twenty-first
century and Powerball projects were temporarily suspended. However, bench-scale
possibilities of making sodium metal were continued to be analyzed.

The possible availability of waste sodium sulfate from processes such as boric
acid production lead to exploring the use of sodium sulfate as a raw material for
sodium production. In addition, the availability of secondary and tertiary metallic
aluminum posed an interesting potential for developing a non-carbon reduction
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approach. Thermochemical analysis was carried out followed by evaluating reactor
designs as discussed in this paper. A preliminary paper was presented during the
2019 TMS annual meeting in San Antonio on general aluminothermic techniques
for sodium reduction [5].

Thermochemistry

Anhydrous sodium sulfate can be reacted with aluminum in a stepwise fashion as
shown below:

Heat of Reaction

�H◦, kcal

3Na2SO4 + 8Al = 3Na2S + 4Al2O3 −874.3 (1)

3Na2S + 2Al = 6Na + Al2S3 +147.8 (2)

Adding,

3Na2SO4 + 10Al = 6Na + Al2O3 + Al2S3 −726.5 (3)

Other reactions of importance in this process are

Heat of Reaction

�H◦, kcal

2Al + 3S = Al2S3 −121.6 (4)

Al2S3 + 1.5O2 = Al2O3 −277.5 (5)

The reactions (1) and (3) are exothermic, but reaction (2) is endothermic at the
standard 298.15 K state; reaction (2) becomes feasible in making sodium vapor
beyond 1250 K. The melting points are Al 650 °C, Na2SO4 886 °C, Al2S3 1100 °C,
and Na2S 1126 °C. It can be noted that reaction (3) can be adjusted to produce at
high temperatures, sodium vapor leaving behind alumina and aluminum sulfide. The
aluminum sulfide content can be further oxidized to produce more alumina showing
the way of producing a valuable by-product which is clean, and the sulfur oxides
can be handled to produce sulfuric acids. It was felt that there may be a need to
utilize reaction (4) to an extent to provide the activation energy needed in addition to
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utilizing electrical resistor heating of the charge to overcome phase change heating
to further facilitate initiating the reaction.

It is to be noted that other catalytic lower temperature reactions are possible with
lime additions, but they will not be able to produce alumina by-products. This study
started evaluating reactor designs suitable for doing that using mainly reaction (3)
with an initiator amount of reaction (4).

Reactor Design

For the bench-scale reaction, an electrical resistance heater containedwithin a propri-
etary Lantern-style reactor was developed. The intent is to initiate the exothermic
portion of the reactions as quickly as possible to minimize and avoid unnecessary
side reactions. It was also necessary tominimizematerials of constructionwhichmay
react with aluminum and or sodium sulfide-sulfate combinations. We are developing
a power resistance heater reactor which mainly initiates the reaction by providing
activation energy, and the reaction temperature would then moderate power input.
This we term as the Lantern Reactor for the bench-scale use.

In the Lantern reactor, carbon resistors were used. Two sets of configurations were
evaluated. The first one utilized 4 each of 4 in. long by 0.25 in. diameter carbon rods
making a resistor length of 16 in. The resistivity of the carbon is in the range 1100–
1400µ� in. asmeasured in our experiments, which includes the internal connectivity
resistances of the carbon rods. This produced a power of about 300 W, which was
found to be insufficient to trigger the reaction with a charge of about 100 gm. The
design was modified to give a resistor length of 8 in. but with an electrical area
equivalent to 2 × 0.25 in. diameter rods, which gave close to 850 W and was found
sufficient to trigger the reaction in 5 min or less. Table 1 shows a set of measurements
of the resistance heater in the reactor.

Table 1 Lantern reactor resistances

Voltage (V) Current (A) Resistance (�)

4 each 4′′ long electrode in series

Set 1 11.6 27 0.430

Set 1 11.4 31 0.368

Set 2 11.6 24.7 0.470

Set 2 11.5 23.7 0.485

2 each pair of 4′′ long electrodes in series

Set 3 9.8 93 0.105

Set 3 8.72 93.1 0.094
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The contents in the reactor were initially encapsulated with aluminum foil and the
lantern reactor setup was contained inside a graphite crucible. The heat melted the
aluminum foil. The aluminum foil was replaced with steel shim stock wrap, which
also reacted, possibly by reaction with melting aluminum, forming the low melting
inter-metallic Fe3Al. In both cases, the immediate outer container, graphite crucible,
held up the product mass. The graphite crucible containing the lantern reactor was
kept in a pressure vessel with means to get the leads for electrical connections to
the sides and vacuum connection to a second vessel followed by a vacuum pump.
Figures 1, 2, 3 and 4 show the different views of the Lantern reactor.

At the time of writing this manuscript, the bench-scale setup had only evolved to
the extent that the reactants were completely utilized in producing mixed products.
Some modifications to the reactor assembly may have to be made in having sodium
vapors isolated going into the 2nd vessel and condense there. The product mix is
planned to be analyzed chemically. The Separation of Lantern product solids into
components is in progress and will be reported as available.

The variations in voltage are from the time effect which changes the temperature
of the resistors, which was not measured.

Fig. 1 Lantern reactor and
graphite box container
(Courtesy Powerball
Technology) (Color figure
online)
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Fig. 2 Lantern Reactor after
cooling following 3 min
resistance heating triggering
a reaction with
aluminothermic sodium
sulfate reactant (Courtesy
Powerball Technology)
(Color figure online)

We might choose to concentrate on reaction 2—while adopting carbothermic
conversion of Na2SO4 if the separation of solid alumina from solid sodium sulfide
proves cost-ineffective.

Conclusion

It has been shown that it is feasible to develop a Power Reactor such as the Lantern
reactor to provide activation energy to reactions which are exothermic in nature but
still need to be triggered to start.

For the long-term thinking of the evolution of the process, itmaybe relevant to note
that companies such as Rio Tinto are working to utilize renewable energy sources.
For instance, it has been reported that Rio Tinto is building a solar plant consisting
of 100,000 panels, covering an area of 105 ha. At this stage, we are evolving our
reactor design. Once this is done, we will start optimizing for scale-up and cost-
effectiveness by having two or more marketable products in creating a sustainable
process and minimizing waste.
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Fig. 3 Lantern Reactor
opened showing products
(Courtesy Powerball
Technology) (Color figure
online)

In addition to producing electricity using solar panels, solar heat energy directed
at our proposed sulfide to sodium process (in particular, replacing aluminum with
carbon in the sulfate to sulfide step as done in conventional processes) may utilize the
acreage covered in silicon solar cells even more effectively by concentrating solar
energy to effect the chemical change by providing activation energy. Solar energy can
be used in the first step of upgrading hydrated sodium sulfate to anhydrous sodium
sulfate. At least we could make potential readers of our process aware that it is not
our intention to base the chemistry far into the future on a large scale based solely
on scrap aluminum shavings.
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Fig. 4 Lantern reactor with
products. Products are
powdery substances easily
scraped out into containers
(Courtesy Powerball
Technology) (Color figure
online)
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Preparation of High Grade Ammonium
Metatungstate (AMT) as Precursor
for Industrial Tungsten Catalyst

Alafara A. Baba, Sadisu Girigisu, Mustapha A. Raji, Abdullah S. Ibrahim,
Kuranga I. Ayinla, Christianah O. Adeyemi, Aishat Y. Abdulkareem,
Mohammed J. Abdul, and Abdul G. F. Alabi

Abstract The increasing demand for pure tungsten and its compounds due to
their high tensile strength makes them a versatile material in catalyst, heavy alloy,
cemented carbide, among others. This exceptional property makes it to be of high
interest by industrialists for use in the engineering and manufacturing industries.
Thus, preparation of ammonium metatungstate (AMT) from a Nigerian wolframite
ore by hydrometallurgical technique was examined in sulphuric and phosphoric
acid. During leaching, parameters such as leachant concentration, reaction temper-
ature, and particle size on ore dissolution were examined. At optimal conditions
(2.0M H2SO4 + 0.15M H3PO4, 75 °C, −63 μm), 93.7% of the ore dissolved within
120 min. The calculated activation energy of 6.93 kJ/mol supported the proposed
diffusion mechanism. The leachate at optimal conditions was treated to obtain a pure
tungstate solution. The purified solution was beneficiated to prepare a high grade
AMT ((NH4)6[H2W12O40]·4H2O: 96-901-3322,m.p.: 98.7 °C, density: 2.16 g/cm3),
which serves as an intermediate for some defined industries.

Keywords Wolframite · Leaching · H2SO4 · H3PO4 · Ammonium metatungstate
(AMT) · Industrial applications
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Introduction

Tungsten is of critical importance to the modern society, not only because of its
scarcity and strategic importance [1] but also due to its demand earlier proposed
to increase at an annual rate between 4.6 and 6.4% from 2013 to 2018 [2]. Impor-
tant tungsten compounds such as tungsten oxides, metal tungstates among others
can be used as catalysts, for medical diagnosis and pigments [3]. Most importantly,
ammonium metatungstate (AMT) is mainly used as a raw material for the produc-
tion of tungsten catalysts for a variety of reactions including oxidation, hydroxyla-
tion, hydrogenation, and polymerization. Here, suitable carriers are often impreg-
nated with alkali-free solutions of tungsten and processed to remove the water and
ammonia, which can then be refined as catalysts in petrochemical industries.

One of the most important tungsten minerals that can be used for the above
purposes are the monotungstates such as scheelite (calcium tungstate, CaWO4),
stolzite (lead tungstate, PbWO4), and wolframite which is a combination of ferrous
tungstate or ferberite (FeWO4) and manganous tungstate or hurbenite (MnO4). From
any of the aforementioned minerals, tungstate solution is firstly obtained through
leaching and then undergoes solvent extraction/beneficiation to obtain ammonium
tungstate solution followed by crystallizing AMT via evaporation [4]. For example,
in the classical acid-leaching procedure, scheelite concentrates are decomposed to
produce tungstic acid (H2WO4) using hydrochloric acid solution, this results into
the formation of a dense solid layer of tungstic acid that covers the surface of the
scheelite particles, which results into reducing the rate of dissolution process. In
order to avoid the formation of this tungstic acid in the leaching process, an oxidant
(H3PO4) is often introduced into the solution until the characteristic yellow paste
tungstic acid resulted in complexation with H3PO4acting as a chelating agent. In
this work, the possibility of producing a high grade AMT was examined through
treatment of an indigenous wolframite ore using H2SO4/H3PO4 for the dissolution
process. The leached liquor at optimal conditions was beneficiated to obtain high
grade AMT via precipitation and crystallization methods.

Materials and Methods

Material

Wolframite sample used for this study was sourced from the North Eastern part of
Anka community (N12′′ 13′′ 16′′ E005′′ 49′′ 35′′), Anka Local Government Area of
Zamfara State, Nigeria. The sample was crushed and grinded into different particle
sizes using standardTyler screen sieve of different sizes of the range:−90+75μm,−
112+90μm,and−300+112μm.Thefinest particlewith the largest specific surface
area determined to be (−90 + 75 μm) was used throughout the dissolution process,
unless otherwise stated. The raw ore together with the residue obtained at optimal
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conditions was accordingly characterized using X-ray diffractometry (XRD), X-ray
flouresence (XRF), and scanning electronmicroscope (EDS) techniques respectively.

Leaching Test

Two g of the wolframite ore was treated with equal volume of sulphuric and phos-
phoric acid in the glass reaction flask at varying reaction temperature range between
27 and 75 °C and at various leaching times of 5–120 min. At the end of each leaching
run, the solution was filtered, washed and the residue was dried at room temperature
(27 ± 2 °C). The content of tungsten in the filterate was analyzed by thiocynate
spectrometric method using a spectrometer (Becman Couter Du 730) at 420 nm
[5]. The optimal acid concentration which gave the highest dissolution was used
for further optimization of other parameters. The rate of dissolution of the ore was
examined using the Avrami and Shrinking core model for better understanding of
the dissolution mechanism as described by Zhu et al. [6]. The residue obtained at
optimal condition (75 °C in 2.0 mol/L H2SO4 + 0.15mol/L H3PO4) was accordingly
characterized using XRD, XRF, and SEM–EDX techniques.

Solvent Extraction/Beneficiation Studies

Solvent extraction being a proven technique for the extraction and separation of
metals fromdilute and complex leach solutions has been used for tungsten recovery in
this study. The resultant leachate used for solvent extractionwas analyzed using spec-
trophotometer techniques [7]. The efficiency of theAliquat 336 extractant used for the
extraction of tungsten from the leached liquor obtained was studied by obtaining the
percent extracted in each case. The results obtained at maximum extractant concen-
tration of 0.25 M Aliquat 336 during tungsten extraction was stripped from loaded
organic phase by 0.1 M ammonium hydroxide. The process yielded 93.7% pure
tungsten which was treated to produce ammonium metatungstate solution, further
beneficiated through evaporation and crystallization to obtain a high grade crystal
ammonium metatungstate of industrial value.

Results and Discussion

Characterization Studies

The mineralogical analysis of the raw ore by XRF shows that wolframite mineral
under study contained 15.71 wt% Si, 1.38 wt% K, 1.33 wt% Fe, 0.52 wt% Zn,
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1.43 wt% Pb, and 51.45 wt% W as major elements. The mineral purity of the
raw wolframite ore analysed by XRD ascertains the ore to contain admixtures
of Ferberite (Fe2.00W2.00O8.00: 96-900-8125), Stolzite (Pb4.00W4.00O16.00: 96-00-
9812),Quartz (Si3.00O6.00: 96-500-0036),Slvite (Fe2.00W2.00O8.00: 96-900-3119), and
Wulfenite (Pb4.00Mo4.00O0.00: 96-900-8125). The SEM–EDX results further support
the elemental characterization by XRF and XRD, respectively.

Leaching Studies

The leaching experiment shows that the wolframite ore dissolution in
H2SO4/H3PO4solution increases rapidly with increasing acid concentration, temper-
ature with decreasing particle diameter at moderate stirring as follows:

Effect of Leachant Concentration

The effects of the initial phosphoric acid concentration with tetraoxosulphate (VI)
acid on the conversion of wolframite ore were studied. The conversion of wolframite
increases with an increase in the initial phosphoric acid concentration (0.01–
0.35 M). After 90 min the conversion rate of wolframite ore is well above 90%
with 0.15 MH3PO4 and 2.0 M H2SO4 solution, indicating that increasing the initial
H3PO4concentration is an effectivemethod to raise the decomposition of wolframite.
The addition of phosphoric acid aids the removal of the yellow tungstic acid formation
with sulphuric acid solution and thus, improves the dissolution rate and increasing
the wolframite ore dissolution.

Effect of Reaction Temperature

The effect of reaction temperature on the leaching rate was examined at 27–75 °C for
the -63 μm particle size using 2.0 M H2SO4 + 0.15 M H3PO4 solution at reaction
time of 120 min. At a set of experimental conditions, about 55.6%, 60.5%, 62.85%,
71.1%, and 93.7% dissolution were achieved with reaction temperatures of 27 °C,
40 °C, 55 °C, 65 °C, and 75 °C, respectively.

Effect of Particle Size

The effect of particle size on the rate of wolframite dissolution was studied over the
ranges of three particle sizes of -63, -75, and -150μm, respectively. It was established
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that an increase in surface area per unit of mass gives rise to a higher reaction rate
[8]. Thus, the rate of wolframite dissolution of smallest particle size was higher at
optimal condition (75 °C in 2.0 mol/L H2SO4 + 0.15 mol/L H3PO4 at reaction time
of 120 min).

Solvent Extraction/Beneficiation Studies

Prior to obtaining pure tungsten solution, iron and other gangues in the leach liquor
were selectively precipitated at pH3 to achieve improved extraction and beneficiation
efficiencies. About 93.7%purified tungsten solutionwas successfully extracted at pH
3 asAMT.The producedAMTwas further purified by evaporation and crystallization
to obtain AMTwith 95% purity. The crystallinity of the ammoniummetatungstate in
the prepared sample was evaluated on the basis of the prominent XRD peaks detected
in the 2θ ranges of 12.970, 16.714, 18.479, 19.600, 19.70, 21.035, 22,203, 26.999, and
27.745. The observed narrow slit at 2θ of 12.970 gave crystal lattice (h, k, l= 0, 2, 0)
which confirms the presence of ammoniummetatungstate [9, 10], with experimental
chemical formula of the compound identified as (NH4)6[H2W12O40]0.4H2O. The
operational hydrometallurgical scheme for purifying a Nigerian wolframite ore to
obtain high grade AMT is summarized in Fig. 1.

Wolframite ore

Acid(H2SO4 + H3PO4)

Filter Residue

Raffinate

Loaded solvent

NH4OH

AMT

Leaching

Filteration

Extraction

Stripping

Filteration
Purification

Crystalization

Fig. 1 A Flow chart for the production of ammonium metatungstate (AMT) from an indigenous
wolframite ore [11]
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Conclusion

The extent of wolframite ore dissolution in this study was highly enhanced by opti-
mizing the following parameters (H2SO4/ H3PO4) concentration, reaction temper-
ature, and particle size at the optimal conditions of 75 °C in 2.0 mol/L H2SO4 +
0.15 mol/L H3PO4 and reaction time of 120 min. The obtained experimental data
agreedwellwith theAvramimodel,with one diffusionalmodel as the rate-controlling
step in the dissolution process. This affirms the possibility of producing high grade
and industrially applicable AMT by hydrometallurgical route from an indigenous
wolframite ore. TheAMTproduct as characterized, ifwell tapped, could contribute to
the country’s economic growth and development in some defined catalytic industries;
while saving the country’s current hard-earned foreign exchange through petroleum
explorations devalued by COVID-19 pandemic.

References

1. European Commission (2020) Communication from the Commission to the European Parlia-
ment, the Council, the European Economic and Social Committee and the Committee of the
Regions Tackling the challenges in commodity markets and on raw material
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Industrial-Scale Indium Recovery
from Various e-Waste Resources
Through Simulation and Integration
of Developed Processes

Basudev Swain, Jae Ryang Park, Kyung Soo Park, Chan-Gi Lee,
Hyun Seon Hong, and Jae-chun Lee

Abstract Various e-wastes like waste LCD, LED, and LCD etching industry
wastewater are important secondary resources for indium,which is a criticalmetal. In
this research, the industrial-scale indium recovery from e-waste resources like waste
LCD, LED, and LCD industry etching wastewater is being emphasized through
simulation and integration of the developed processes. A demonstration plant for
indium recovery on one ton/day of ITO etching wastewater has been developed with
almost complete (99%) recovery of indium. For the indium recovery, integration of
the processes can be managed by following two approaches unique to this system, (i)
utilization of ITO etching industry wastewaters for the leaching of waste LCD, (ii)
integration of leaching processes developed for waste LCD and LED with that of the
treatment process for ITO wastewaters. Through the proposed approach, the semi-
conductor manufacturing industry and ITO industry can address various pressing
issues like (i) waste disposal, (ii) indium recovery, (iii) circular economy.

Keywords Indium · ITO etching ·Wastewater · Recycling

Introduction

Global indium (In) consumption for the years 2014, 2015, 2016, and 2017were 1565,
1643, 1640, and 1683 tons, and during 2007–2017 the consumption increased by 58%
from 1060 tons [1]. Grand View Research, Inc. has estimated the demand of In to
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grow at a compound annual growth rate (CAGR) of around 6.4% from 2017 to 2025
[2]. United States Geological Survey (USGS) reported that the world total refinery
production of In was 755, 680, 720, 741, 760 tons for the years 2015, 2016, 2017,
2018, and 2019, respectively [3–5]. This indicates that the In metal is at the critical
bottleneck from a supply–demand perspective. In the latest report EU commission
has classified the In as a critical raw material, the criticality of the In for the EU is
determined based on supply risk and economic importance [6]. The US Department
of Energy (DOE) [7] has also reported In as a critical material for the energy and
emerging technologies [8].

Indium-tin-oxide (ITO) is a transparent, conducting, and easy to deposit material,
widely used in field emission displays, electroluminescent displays, electrochromic
displays, touch panels, windshields, photovoltaics, optoelectronics, heat reflective
coatings, gas sensors, energy-efficient windows, and solar cells [9, 10]. The ITO
accounted for 97% of the transparent conducting oxide markets that are mainly used
in the liquid crystal displays (LCDs) devices like TV, computer, laptop, smartphone,
and notebooks. The demand and usage pattern indicates themassive end of life (EOL)
In bearing waste generation, which is a potential resource to address the supply risk
of this criticalmetal. At the EOL, these are added to the e-waste stream. In the e-waste
stream, the waste LCD accounts for the second uppermost entity after the discarded
computer. In the context of ITO, a significant volume of ITO etching wastewaters is
being generated during the manufacturing of LCDs. These e-wastes as well as the
etching industry wastewaters (etching solution that is used for LCD manufacturing,
after several cycles of use reach the end of life) are the significant resources for In as
ITO contains 90%of In2O3 [11, 12]. Currently, industrial-scale In recovery processes
for e-waste and ITO etching wastewater are not well developed. To successfully
address the issues like supply–demand disparity, e-waste management, and ITO
industry wastewaters treatment, the In value recovery from such secondary resources
is the only attractive solution. Processing of these resources can significantly address
certain aspects of urban mining and resource recycling while dwelling upon the
circular economy of In.

Waste specific industrial-scale process development is often cost-inefficient and
time-consuming. Specific to the existing industrial process, simulation and integra-
tion can be a sustainable approach to address the various issues connected with the
recycling of e-waste in general and In bearing wastes in particular.

In the current research, the industrial-scale In recovery from various e-wastes like
waste LCD, LED, and LCD industry itchingwastewater is being emphasized through
simulation and integration of the developed processes. As such a demonstration plant
to treat one ton/day of ITO etching wastewaters has been developed with almost
complete (99%) recovery of In. In our reported previous studies, processes have
also been developed for indium recovery from waste LCD and LED. Therefore, it
is considered worthwhile to investigate the extraction and recovery of In from all
these resources by process simulation. In this investigation, In recovery from the
ITO etching wastewaters was conducted at three different scales. Firstly, the lab-
scale process was developed and optimized, followed by a bench-scale investigation
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that was carried out based on the lab-scale investigation, and the complete cross-
current process was simulated. Finally, the process has been demonstrated in a 1
t/day plant-scale.

Experimental

Indium rich etching wastewater from the ITO etching industry was supplied by
TSM Co. Ltd., Korea. The term ‘ITO etching wastewater’ will now be used for
the In-rich wastewater of this industry. Extractants like Bis-(2,4,4,-trimethyl-pentyl)
phosphinic acid (Cyanex-272), and Bis-(2-Ethylhexyl) phosphoric acid (D2EPHA)
were supplied by Cytec Korea Inc., and Daihachi (Japan), respectively. Kerosene
was used as diluent for solvent extraction. Reagents like NaOH, HCl, and NH4OH
were of analytical grade supplied by Daejung chemical and metal Co., Ltd., Korea.

Before solvent extraction (SX), the requisite pHof the ITOetchingwastewaterwas
adjusted by the addition of NaOH or HCl solution. Various process parameters like
extractant concentration, organic phase/aqueous phase volume ratio (O/A),Mc-Cabe
Thiele isotherm, and stripping parameters were optimized varying one parameter at
a time in a lab-scale experiment. This is followed by bench-scale simulation experi-
ments carried out in a 2 × 10–3 m3 scale. Necessary modifications were verified in
the bench-scale operation also. Finally, the plant-scale batch operation was demon-
strated in a 50 × 10−3 m3 scale. The plant-scale operation is capable of handling
2 m3 etching wastewater per operation. Wet chemical reduction experiments were
carried out on lab-scale only.

The concentration of metals in the ITO etching wastewater, raffinate, and stripped
solution for each lab-scale, bench-scale, and plant-scale was determined using ICP-
AES (OPTIMA 4300DV, Perkin-Elmer, USA) after suitable dilution using 5 vol%
of HCl. The maximum deviations accepted were about ±3% in ICP-AES analysis.
The metal concentrations in the organic phases were calculated through the mass
balance.

Results and Discussion

Lab-Scale Process Development

ITO etching wastewaters received from TSM Co. Ltd, Korea were analyzed as
received without any treatment. The ITO etching wastewater was acidic (pH 0.7),
the medium was chloride and consisted of Al (1.353 kg/m3), Cu (6.113 kg/m3), In
(1.806 kg/m3), Mo (0.621 kg/m3), and Sn (0.052 kg/m3). In lab-scale process devel-
opment, pH isotherms of all constituent metals using Cyanex 272 andD2EPHAwere
analyzed. In the pH isotherm (not given), Cyanex 272 indicated selective Sn and Mo
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extraction, whereas D2EPHA showed no selectivity for metal extraction from such
liquor. Followed by the effect of each process parameter like Cyanex 272 concen-
tration, D2EPHA concentration, and phase volume ratio (A/O), McCabe–Thiele
isotherm for extraction and stripping was investigated, and optimized parameters
have been reported elsewhere [11]. For precise presentation, the lab-scale process
is summarized in Fig. 1. The complete process consists of Mo and Sn scrubbing
followed by their recovery, In purification followed by In sponge recovery, Cu
recovery by wet chemical reduction, and treatment of wastewater. Figure 1 also
shows that from the ITO etching wastewater, Mo and Sn were extracted completely
by SX using 73 kg/m3 of Cyanex 272 as an extractant in two stages. Then from
the loaded Cyanex 272, Mo and Sn were scrubbed sequentially using 4 kmol/m3 of
NH4OH and 2 kmol/m3 of NaOH. From Mo and Sn free (ITO etching wastewater),
In was simultaneously purified by SX using 161 kg/m3 of D2EPHA as an extractant
in two stages and enriched by phase ratio management using A/O ratio at 8.5 for
both the stages. From the loaded D2EPHA, the In was stripped by 4 kmol/m3 of HCl
and was recovered through wet chemical reduction using Al powder at 80 °C.

Finally, Cu was recovered (Cu°) from the raffinate of In extraction stage by a
simple wet chemical reduction using Fe powder. From the filtrate (wastewater) of
this stage, heavy metals were treated with NaOH. The complete process given in
Fig. 1, indicated total metal value recovery, and also the efficient handling of the
wastewater stream (effluent treatment). Following the lab-scale investigation, the
process was validated through a bench-scale investigation and discussed in the next
section.

Bench-Scale Simulation of the Process

Efficacy and reproducibility of the hydrometallurgical process developed on the lab-
scale for metal value recovery from ITO etching wastewater were investigated in a
bench-scale simulation process. Each process parameter was scaled up and verified
through continuous cross-current simulation. The stoichiometry involved for Sn and
Mo scrubbing and In purification were analyzed through log–log dependencies of
distribution versus pH and extractant concentration. Through stoichiometry analysis,
ideal loading capacity and real loading capacity of each extractant were analyzed.
Suitable models were fitted for scrubbing, extraction, and loading behavior. Using
the proposed model, the possibility for quantitative extraction of metals, desired
extractant concentration, and the number of stages required were investigated and
reported elsewhere [13]. Considering the scope of work outlined earlier and space,
only the bench-scale counter-current simulation is summarized in Fig. 2.

In the bench-scale investigation, almost similar resultswere obtained as on the lab-
scale and are schematically presented in Fig. 2. The bench-scale operation consists of
3 steps for complete process development, i.e., Sn andMoextractive-scrubbing by the
same concentration of Cyanex 272 and In purification also by the same concentration
of D2EPHA as in lab-scale operation. During purification, In enrichment was also
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LABORATORY SCALE INDIUM RECOVERY PROCESS FLOW SHEET  FROM 
ITO ETCHING WASTEWATER   

ITO Eatching Wastewater: Al, Cu, In, Mo, and Sn of 1.3, 6.1, 1.8, 0.6, and 
0.05 kg/m3, respectively. pH = 0.70

Two (2) stages extraction: 73 kg/m3 of Cyanex 272, Phase ratio O/A=1, Time 5 
min, Phase  settling time 1 min

Mo, 0.595 
kg/m3

Stripped 
solution : 57 
kg/m3  of In,  

5N pure 

Regenerat
ion: Acidic 

D2EPHA

Stripped: 2 kmol/m3

of  NaOH, Phase 
ratio O/A=1

Waste water treatment

Heavy metal removal  
by NaOH precipitation

Washing 
O/A=1

Regenerated 
D2EPHA, 98 % 

by volume

Reduction In, 
Aluminium at 

80 0C

Loaded Cyanex 272: Mo and Sn 
of 0.595 and 0.045 kg/m3, 

Respectively

Two (2) stage solvent extraction: 161 kg/m3 

of D2EPHA, O/A ratio=8.5, Time 5 min, 
Phase  settling time 1 min 

 Stripping: NH4OH of 4 kmol/m3, 
O/A ratio =1, Time 5 min, Phase  

settling time 1 min 

Loaded Cyanex 
272: Sn, 0.045 

kg/m3

Raffinate: Al, Cu, In, Mo, 
and Sn of 1.3, 6.1, 0.35, 
0.001, and 0.001 kg/m3, 
respectively. pH = 0.70

Loaded D2EPHA: In, 
Mo, and Sn of 6.525, 

0.004, and 0.004 
kg/m3, respectively 

Stripping: 4 kmol/m3

of HCl, O/A ratio=10, 
Time 5 min, Phase  
settling time 1 min 

Chemical reduction: 
6.1 kg/m3 Fe powder,  

30 min, 100 % Cu 
Recovery

Filtration: Filtered 
water, 1.30 kg/m3 of Al 
and 6.10 kg/m3 of Fe, 

pH = 0.70

Waste 
water

Metal 
hydroxide

Sn, 
0.045   
kg/m3

Regenerated 
Cyanex 272, 98 

%  by volume

Raffinate: Al, Cu, In, Mo, and Sn of 
1.3, 6.1, 1.8, 0.005, and 0.005 kg/m3, 

respectively. pH = 0.70

Waste 
water

Regeneration: 
Acidic Cyanex 

272

Washing 
O/A=1

Waste 
water

Fig. 1 Complete hydrometallurgical lab-scale process for metal value recovery from ITO etching
wastewater. (Color figure online)
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achieved at the phase ratio (A/O) of 8.5. In the bench-scale simulation, three-stages
of extraction with D2EPHA achieved the quantitative recovery of In. The process
simulation indicates the complete reproducibility of the lab-scale process in scaled-up
bench-scale data and provides confidence for industrial-scale demonstration.

Pilot-Plant Demonstration

Having relied upon the bench-scale process reflected in Fig. 2, a demonstration plant
of one ton per day capacity was developed and complete cross-current operation
was demonstrated. The demonstration plant is a batch operated unit, and can handle
0.2 m3 of ITO etching solution in each batch. Figure 3 shows various views of
the demo-plant. Figure 4 demonstrates industrial-scale simulation which has been
projected above in Fig. 3. The figure clearly indicates that in a batch 0.05 m3 of ITO
etchingwastewaterwas considered for demonstration. As explained earlier two-stage
extractive-scrubbing and three-stage In recovery were carried out in the demonstra-
tion plant. During In purification process, it was again enriched by 8.5 times through
managing the etchingwastewater versusD2EPHAvolume ratio approximately at that
level (8.5). Through the enrichment and purification process In was thus enriched
adequately as designed (8.5 times), and0.0018m3 of enrichedpure InCl3 solutionwas
subsequently generated through incorporating scrubbing using 4 kmol/m3 of HCl.
From the enriched solution, In sponge was recovered by wet chemical reduction
using Al powder at 80 °C.

The developed process only addresses the In recovery from ITO etching wastew-
ater, and does not address In recovery from the EOL substances such as LCD
and LED. As the reported lab-scale development to demonstration plant operation
optimization process is a time- and cost-intensive process, process development to
recover value from each In bearing secondary resources is quite tedious and cost-
sensitive matter. The processing time and cost challenges can suitably be addressed
through simulation and integration to developed ITO etching wastewater processes.
Accordingly, the In recovery process described above can be integrated for value
recovery from different secondary resources like In bearing waste LCD or LED, via
two different routes explained below.

Integration of Process Through Simulation

Industrial-scale metal recovery process by hydrometallurgical routes either from
primary or secondary resources consists of three rudimentary steps, extraction of
metal values by leaching (acid or alkali), purification by selective metals separa-
tion (precipitation, ion exchange, solvent extraction), and metal value recovery by
electrowinning or cementation/precipitation. In the context of In recovery, sequen-
tial acid leaching, solvent extraction, and recovery are common hydrometallurgical
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(a)

(b) (c) (d)

Fig. 3 Demostration plant view a complete 3-stage batch scale operated plant, b typical agitation
and phase separation unit, c visual apparatus unit for phase separation observation, and d inside
view of baffle mixture tank. (Color figure online)

routes. As most of the globally produced In being used in optical display devices,
the industrial-scale In recovery from EOL e-wastes like LCD, and LED are a chal-
lenge for the circular economy notion of this metal. As reported in the literature,
after leaching the In content in leach liquor is very small for industrial recovery,
which is a genuine challenge and adversely affects the In recovery interests from
these resources [12, 14, 15].

Indium and Sn recovery from ITO bearing EOL waste LCD and its optimization
process has already been developed in our earlier research and reported elsewhere
[12, 15]. Similarly, In recovery from LEDs industry waste as a part of the interest of
different projects pursued previously has also been reported elsewhere [16]. As In
and Sn concentration is low in the waste LCD glass, and similarly, In concentration
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Fig. 4 Pilot-scale verification of developed bench-scale cross-current simulation for recovery of
metals and treatment of ITO etching industry wastewater. (Color figure online)

is also significantly low in the LEDs, In valorization is a challenge even after effi-
cient leaching that needs to be addressed during the process development through
a cost-efficient approach [16]. All the challenges can be overcome by integrating
the leaching optimization process [12, 15, 16] to the hydrometallurgical In recovery
process developed for ITO etching wastewater as presented in Fig. 5. The waste LCD
leaching optimization process can be integrated with the developed process through
Route I (Fig. 5). Other In secondary resources can also be integrated through leaching
optimization while applying Route II (Fig. 5). The prime challenges for integrating
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OF WASTE LCD
GLASS LEACHING PROCESS WITH

ITO WASTEWATER TREATMENT
PROCESS FOR INDIUM RECOVERY

Waste LCD glass powder leaching :
powder size < 300 m, lixiviant 5 M

HCl, Pulp density 500 g/L, 75 oC, 10 v/v
% of H2O2, 400 rpm and 120 min

Integration of leaching process with
developed process for indium and

other metal value recovery

Enrichment of leach liquor by repeated
leaching of waste LCD glass at

optimum condition up to 'n' times,
where 1 < n > 25 . For economy 'n'

should be 25 times or more.

Determination of metal
concentrations of leach liquor

No

ROUTE I

Yes

Leach liquor
concentration at

required level Yes

INTEGRATION OF INDIUM BEARING
SECONDARY RESOURCES LEACHING

PROCESS WITH ITO WASTEWATER
TREATMENT PROCESS FOR INDIUM

RECOVERY

Indium leaching process optimization
in chloride media from indium bearing

secondary resources

Integration of leaching process with
developed process for indium and

other metal value recovery

Enrichment of leach liquor by
repeated(n) leaching of indium bearing

secondary resources, n = 1, 2, 3, ....

Enriched leach
liquor at reasonable

concentration

Use the developed model and decide
A/O ratio and stages required, preferred

two stages

ROUTE II

Determination of metal
concentrations of leach liquor

No

INTEGRATION

Fig. 5 Different routes for the integration of leaching optimization process to the developed
industrial-scale indium recovery process. (Color figure online)

the above processes are (i) concentration difference between ITO etching wastewa-
ters (ii) metal content, (iii) solvent concentration to be used, and (iv) stages required
for thewaste LCD leach liquor reported elsewhere, andmetal content thereof [11–13,
15, 16].

Beneficiation and recovery of In from waste LCD glass has been optimized in our
earlier investigation [12, 15]; the optimum condition for In leaching was powder size
<300mm, 5.0MHCl, pulp density 500 g/L, 75 °C,H2O2 10%, reaction time 120min,
and stirring speed 400 rpm. The concentration of different species can be handled
through the enrichment of In and Sn in leach liquor to the requisite concentration by
Route I as reflected in Fig. 5. Clearly in Route I, repeated use of the same leach liquor
against fresh LCDwaste can enrich the In and Sn to the desired level so as to suitably
integrate with the developed process presented in Fig. 4. Theoretically, 25 times of
repeated leaching and recycling using the same leach liquor could attain the required
level appropriate for downstream In metal recovery. Then, metal purification and
recovery could be managed through the hydrometallurgical In recovery process from
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ITO etching wastewater represented previously (Fig. 4). The proposed integration
process through the route I is currently being further investigated.

Similarly, through Route II mentioned in Fig. 5, other secondary In bearing
resources like waste LED can be handled. In Route II also, followed by leach-liquor
enrichment, the impurity metal can be selectively scrubbed using Cyanex 272. For
the scrubbing (extractive) Cyanex 272 concentration and volume can systematically
be engineered using the developed model presented elsewhere [13]. Followed by
such as a scrubbing sequence, the In can finally be purified using D2EPHA. Simi-
larly, managing D2EPHA concentration and volume can systematically be engi-
neered using the developed model presented elsewhere [13]. In either case once In is
enriched and scrubbed, it can be recovered as In metal sponge through wet chemical
reduction using Fe powder.

Conclusion

The developed value recovery process for ITO etching industry wastewaters can be
used for the recovery of metal values from the EOL materials particularly LCDs
and LEDs through the integration of the leaching optimization process. The inte-
gration of the processes can be engineered through two different routes, i.e., (i)
multi-stage leaching of In bearing secondary wastes using the same leach liquor
repeatedly followed by integrating the developed hydrometallurgical metal recovery
process, and (ii) multi-stage leaching followed by manipulating the Caynex 272 and
D2EPHA concentrations or process parameter presented in the developed process.
Through the proposed approach, the semiconductor manufacturing industry and ITO
recycling industry can address various pressing issues like (i) waste disposal, (ii) In
recovery, (ii) circular economy, simultaneously. Integration of the process can also
close the loop for the circular economy and can be part of cradle-to-cradle technology
management which could be able to lower the futuristic carbon economy.
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Recovery of Lithium (Li) Salts
from Industrial Effluent of Recycling
Plant

Archana Kumari, Pankaj Kumar Choubey, Rajesh Gupta,
and Manis Kumar Jha

Abstract To cope upwith the supply–demand gap of lithium (Li) an essential energy
element, the recycling of waste industrial effluent (generated after cobalt recycling
from waste Li-ion batteries) is targeted. In industry, after the recovery of Co, Cu, Ni,
and graphite from one ton of black cathodic material of Li-ion batteries about 8 m3

of waste effluent containing 5–10 g/L Mn and 1–3 g/L Li is generated. Systematic
precipitation studies were carried out using saturated alkaline solution varying Eh/
pH of the effluent. Settling time 30 min and pH ~12 were found to be optimum
conditions for maximum precipitation of Li (~90%) as salt. Precipitation studies for
Mn/ Li with scientific validation were also carried out and discussed. The process
developed has tremendous potential to be commercialized in industry after scale-up
studies.

Keywords Lithium-ion batteries (LIBs) · Lithium (Li) · Precipitation ·
Hydrometallurgy

Introduction

Li, an essential energy element, has been extensively used in lithium-ion batteries,
computer products, communication devices and other fields. Li and its compounds
are usually produced from their primary resources, which is not sufficient to cope
up with the amount of Li required. The limited supply of Li is not forbidding its
utilization in battery production and is constantly escalating [1–4]. The requirement
of Li by the battery industries is estimated to increase from 43% in 2017 to 65%
in 2025 [5]. Almost one-third of Li present in the earth crust will be consumed in
making electric vehicle batteries by 2050 andultimately theLi resources are predicted
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to be entirely exhausted by 2080 [6]. Thus, to cope up with the supply–demand
gap of Li, it is essential to ensure a reliable alternative source of Li. Huge amount
of effluent containing substantial amount of Li is generated by battery recycling
industries, where after the recovery of Co, Cu, Ni, and graphite from the black
cathodic material of LIBs, the effluent is discarded. It is expected to have loss of
Li in drained/ treated effluent during the final disposal. Moreover, variation in the
concentration of Li is often noticed due to complex and heterogeneous nature of scrap
LIBs which has limited the research work on laboratory scale rather than scale-up
or commercial scale. The effluent generated during processing of LIBs showed the
presence of other metals (Mn, Co, Cu, Ni) as impurities, which when disposed to the
environment can cause severe damage to the aquatic life. However, recuperation of
Li from industrial effluent will not only assuage the load on natural resources but also
solve the problems caused to the ecosystem.Hydrometallurgical processes consisting
of solvent extraction, precipitation, or adsorption have been globally applied for the
recovery of Li from effluents. Researchers worked for the recovery of Li from various
effluent. Table 1 summarizes different routes adopted to recover Li from wastewater
[7–11]. Although studies have been carried out to recover Li from various effluent

Table 1 Different routes utilized to recover Li from wastewater

Process used Remarks References

Electrometallurgy Li recovery and organic pollutant removal from
industrial wastewater was proposed where an
electrochemical system containing a Li-recovering
electrode and an oxidant-generating electrode was
used to simultaneously recover Li and decompose
organic pollutants. This recovers 98.6 mol% Li and
reduces organic pollutants by 65%

Kim et al. [7]

Adsorption A magnetic Li-ion imprinted polymer,
Fe3O4@SiO2@IIP was synthesized using novel
crown ether to recover Li from wastewater. At
optimum pH = 6 was for adsorption and polymer
takes 10 min to reach complete equilibrium. About
89.8% of the Li was recovered

Luo et al. [8]

Leaching Selective recovery of Li from spent LIBs by coupling
advanced oxidation and chemical leaching processes
was studied. Loss of Li was only 2.06%. Li2CO3 of
purity 99.0% was finally obtained

Lv et al. [9]

Precipitation Two-stage precipitation process using Na2CO3 and
Na3PO4 as precipitants was developed to recover Li
as 74.72% raw Li2CO3 and 92.21% pure Li3PO4,
respectively from effluent

Guo et al. [10]

Precipitation A two-step precipitation of Li2CO3 using CO2 as a
precipitation agent from Li-containing alkaline
wastewaters was studied. At 95 °C, more than 99.5%
sparingly soluble Li2CO3 was produced in the second
step, whilst most impurities remain in the solution

Jandová et al. [11]
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of recycling plant, much consideration has been made on the various methods used
for recycling Li rather than its effective recovery from low concentration solution.
Moreover, lack of selectivity still persists. Keeping in view of the above, CSIR-NML,
Jamshedpur has developed feasible technology for battery recycling and transferred
the same to different Indian industries. Based on this, the present paper reports the
development of a complete process flowsheet to recover Li and Mn as a valuable
product from effluent generated after Co, Cu, and Ni recycling from waste LIBs
using precipitation process.

Systematic and scientific precipitation studies were carried out and after studying
various process parameters, optimal condition for the maximum extraction of Li and
Mn from the effluent was obtained. The metal-free effluent generated containing
carbonate ions will be re-utilized. Developed process is novel and has potential
approach for Li recovery from effluent generated by the recycling industries.

Materials and Method

Materials

Present work is carried out using the effluent generated after the recovery of Co, Cu,
Ni, Fe, and graphite during LIBs recycling to recover Li and Mn. The effluent was
chemically analyzed and found to contain about 2.31 g/L Li and 5.52 g/L Mn. The
pH of the effluent generated was recorded to be ~3. Sodium hydroxide (NaOH) and
sodiumcarbonate (Na2CO3), both supplied byMerck, Indiawas used as precipitant to
precipitateMnandLi, respectively, from thegenerated effluent.Both the precipitating
reagents were diluted to the required concentration using de-ionized water. Apart
from these, H2SO4 used during this study (for pH adjustment) was of analytical
grade (AR) supplied by Rankem, India. All chemicals used for the experimental
studies were used without further purification. Samples to be analyzed were diluted
using de-ionized water.

Procedure

Based on our group (CSIR-NML, Jamshedpur) experience in the area of LIBs
recycling, a complete process flowsheet including pre-treatment—leaching—solvent
extraction—precipitation is presented in this paperwith detailed discussion regarding
Li and Mn recovery. Waste LIBs were received from a recycling industry, M/s Ever-
green Recyclekaro Pvt. (India) Ltd. situated at Mumbai, India. Spent LIBs were
initially discharged, crushed (using scutter crusher) and further beneficiated to sepa-
rate the black cathodic material. The typical analysis of metals present in this black
powder is presented in Table 2.
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Table 2 The composition of metals present in black powder of LIBs

Elements Co Mn Li Cu Ni Fe

Wt.% 15.16 6.30 2.36 1.29 1.95 0.35

Variation in the composition of metals in the black powder is generally observed
due to quality and type of LIBs collected and it may range between 10–20% Co;
0.5–1.5% Fe; 1.5–3%Ni; 2.1–3.5% Li; 7.5–9.5%Mn, and 4.1–6% Cu. The leaching
of metals from the black cathodic material of scrap LIBs were carried out in a three-
necked closed Pyrex glass reactor fitted with a condenser using a hot plate with a
temperature controlling sensor. Magnetic stirrer was used for mechanical agitation.
The obtained leach liquor was subjected to solvent extraction resulting in maximum
extraction of Cu and Ni using suitable extractant. Further, selective separation of Co
takes place via precipitation technique. Solvent extraction and precipitation process
result in complete extraction ofCo,Ni, andCu leavingMn andLi in the raffinate. This
raffinatewhengenerated in hugequantity in recycling industriesmostly discardeddue
to lackof viable technologies for their processing. In order to prevent thewastage ofLi
andMn left in the effluent generated were collected, mixed properly and experiments
for their precipitation were carried out. After selecting the precipitating reagent,
optimization of suitable conditions for batch scale studies as well as validation of the
same was also made so as to collect salts of Li and Mn. Satisfactory mass balance
was obtained for representative test samples. The content of metals in the sample as
well as in the solution generated during the experiments was analyzed using atomic
absorption spectrometer (AAS) (Perkin Elmer model, Analyst 200; USA). Metrohm
Basic Titrino 797 with glass pH combination electrode and automatic temperature
correction was used for pH measurement.

Results and Discussion

Generation of Effluent Containing Li and Mn

Scrap LIBs were initially ensured to be completely discharged and beneficiated to
separate the plastic part that floats on top, black cathodic powder which remains
suspended and metallic content settles at the bottom. Among these materials, the
black cathodic material mainly containing Co, Li, Mn, Cu, Ni, and graphite was
used for the experimental purpose. The beneficiated black cathodic material obtained
was leached using suitable concentration of sulfuric acid (H2SO4) in presence of an
oxidizing agent, hydrogen peroxide (H2O2) at an elevated temperature for some time
to get maximum amount of metals in the solution. It was observed that H2SO4 with
H2O2 proved to be the positive lixiviant for leaching of metals. The whole slurry was
filtered and the residue was washed for further analysis. More than 98% leaching of
metals was achieved and the obtained leach liquor majorly contained about 15.03 g/L
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Lithium ion batteries (LIBs)

Physical pre-treatment

Hydrometallurgical process

Recovery of metals (Cu, Ni, Co) 
& Graphite

Effluent generated
(Li & Mn)

Fig. 1 Process flow for the generation of effluent containing Li and Mn. (Color figure online)

Co; 2.2 g/L Li; 1.3 g/L Cu; 1.87 g/L Ni; and 5.5 g/L Mn. Further, Cu, Ni, and Co
were selectively separated using solvent extraction technique. Major amount of Co,
Ni, and Cu, as well as their metallurgical advantages, attracted industrialists towards
their extraction while Li along with Mn gets disposed off as effluent (Fig. 1). Lack of
cost-effective process to recover Li and Mn results in their loss. Thus, huge amount
of effluent was generated which require proper treatment.

Selective Precipitation of Mn from the Effluent

The effluent obtained after extraction of Co was found to contain 2.31 g/L Li and
5.52 g/L Mn. The pH of the effluent was ~3.5. Due to low concentration of Li, the
effluent was concentrated 10 times and analyzed. It was found that the content of Li
and Mn increased up to 20.9 g/L and 53.1 g/L, respectively, and pH was ~4.5. For
selective precipitation of Mn from this concentrated solution, optimization of the
precipitation parameters was carried out including effect of pH, settling time, and
temperature. Using 50% NaOH solution at room temperature, the pH of the effluent
was increased up to 11, provided with constant stirring and maintaining settling time
of 30 min. It was observed that ~pH 10.5; ~99.99% of Mn present in the effluent get
precipitated in two stages (Fig. 2). The reaction taking place is represented by the
equation below:

MnSO4 + 2NaOH = Mn(OH)2 ↓ + Na2SO4 (1)

The amount ofNaOH required for increasing the pHwas also calculated and found
that for 200 mL of effluent (containing 53.1 g/L Mn), ~2.5 g of NaOH is required to
reach pH 10.5 and completely precipitate Mn from the effluent. It was noticed that
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Fig. 2 Effect of pH on precipitation of Mn (Aqueous: 53.1 g/L Mn and 20.9 g/L Li; Reagent: 50%
NaOH; Temp.: 30 °C; Time: 30 min; Stirring speed: 300 rpm)

beyond pH 11, minor amount of Li present in the raffinate get co-precipitated. Thus,
at pH 10.5, Mn was selectively separated. The effluent was further filtered and a
black precipitate of Mn(OH)2 was collected. This precipitate of Mn(OH)2 was dried
to get MnO2 of purity 99%. After Mn removal, the raffinate (analysed to be free from
Mn) was ready for Li recovery.

Chemical Precipitation for Li Recovery

After successful recovery of Mn from the effluent, focus was made towards the Li
recovery. Analysis of the raffinate (free from Mn) showed the presence of 20.88 g/L
Li. Li was present as liquid phase, which was selectively precipitated as solid phase
by the chemical reaction during this precipitation process. In this case, Na2CO3 was
used to precipitate Li according to the equation:

Li2SO4 + Na2CO3 = Li2CO3 + Na2SO4 (2)

After carrying out the precipitation experiments at different conditions, it was
found that temperature plays an imperative role during Li precipitation. The fact is
that the solubility of Li2CO3 decreases with increase in temperature and thus, to
reduce the loss of Li due to solubility, it is beneficial to precipitate Li at elevated
temperature. Consequently, after optimizing other parameters, the effect of temper-
ature was also studied at room temperature (30 °C), 50 and 90 °C as presented in
Fig. 3. It was observed that elevated temperatures favored the rate of Li precipita-
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Fig. 3 Effect of temperature on precipitation of Li. (Aqueous: 20.88 g/LLi; Reagent: 50%Na2CO3;
Time: 15 min; Stirring speed: 300 rpm). (Color figure online)

tion. In 15 min time, ~90% precipitation of Li as carbonate takes place maintaining
the solution temperature 90 °C. As far as the requirement of Na2CO3 is concerned,
it was noticed that 200 mL of 20.88 g/L Li-containing raffinate needs about 50 g
of Na2CO3 for complete Li precipitation. The salt of Li2CO3 get precipitated. The
obtained Li2CO3 was washed with hot water as water-washing decreases the possi-
bility for the presence of impurities (containing Na+) in Li2CO3 produced. The purity
of obtained Li2CO3 salt was 99%.

In order to validate the result of Li precipitation, standard Eh–pH diagram was
drawn using HSC software and presented in Fig. 4. The experimental data were vali-
dated with the theoretical Eh–pH diagrams showing the recovery of Li as carbonate
usually starts at pH 9 but as optimized, carbonate of Li occurs in solution having pH
range above 11.

Processing of Wastewater

It is essential to process the wastewater left afterMn and Li recovery for re-utilization
or water treatment to check its suitability for disposal in the environment. If allowed
to be discharged in the environment, it is essential to maintain pH of the wastewater
between pH 6 and 7 for disposal. In this condition, the effluent left after Li recovery
contains Na2CO3 and thus, the temperature was decreased to 4 °C for more than
24 h and crystals of Na2CO3 were collected and water was used further for the
hydrometallurgical process. The content of metal ions in ppb level is required to be
checked and TDS to be maintained in the range 150–200. The treated water can be
utilized/recycled in the industry.
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pH

pH

Fig. 4 Validating Eh–pH diagrams with experimental data for Li precipitation (=Li2CO3). (Color
figure online)

Conclusions

Based on the obtained experimental results for separation and recovery of Li and
Mn from the effluent generated after Co, Cu, Fe, and Ni extraction, the following
conclusions can be drawn:

• Effluent containingMn and Li were precipitated usingNaOH at room temperature
and Na2CO3 at 90 °C, respectively without using any additive.

• About 99.99% of Mn and Li were found to be selectively precipitated with purity
~99% at pH 10.5 in two stages and 12.34 in single stage, thus chances of co-
precipitation was reduced.

• Temperature plays a very essential role where the solubility of Li2CO3 decreases
with increase in temperature and thus, it is beneficial to precipitate Li at elevated
temperature.

• Filtration separates the hydroxides of Mn and carbonate of Li leaving metal
depleted wastewater.

• The developed process will be economical as it consumes comparatively less
amount of energy and time than the processes reported previously. The complete
process flowsheet is shown in Fig. 5. Lab-scale data shows feasibility of the
process; however, some scale-up studies/ pilot scale studies are required before
commercialization.

• After Li and Mn extraction, the effluent generated can be re-utilized in industry
after the treatment and maintaining TDS and pH.
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Effluent (containing Mn & Li)

Filtrate (containing Li)

EVAPORATION 
(10 times concentrated) 

NaOH Mn PRECIPITATION

Mn(OH)2FILTRATION 

Li2CO3FILTRATION 

Wastewater (Re-utilized after treatment)

MnO2 salt

Li PRECIPITATIONNa2CO3

Fig. 5 A complete process flowsheet for the recovery of Li and Mn from the effluent generated
after LIBs processing
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Extraction of Platinum Group Metals
from Spent Catalyst Material by a Novel
Pyro-Metallurgical Process

Ana Maria Martinez, Kai Tang, Camilla Sommerseth,
and Karen Sende Osen

Abstract The extraction of platinum group metals (PGM) contained in waste auto-
mobile catalyst monolithic honeycomb was investigated by a novel approach that
combines a pyro-metallurgical and electrolysis step. The first step aims to both up-
concentrate the amount of PGMs by using a metal collector, as well as to prepare
the conductive material to be used as anode in the electrolysis step. The electrol-
ysis step is carried out in a molten chloride electrolyte, where the PGMs remain as
metallic residue, and the refined metal is further reused in the pyro-metallurgical
step. Optimization of the pyro-metallurgical process led to 82–100% metal recovery
rates, while the PGM recovery rates were close to 100%. Furthermore, the electrolyte
composition and working temperature, as well as cell design of the subsequent elec-
trolytic method, were adjusted. The process was assessed in a lab-scale electrolysis
reactor, where PGMs could be extracted selectively at a current efficiency of around
70%.

Keywords Platinum group metals · PGM · Secondary resources · Spent catalyst ·
Recycling ·Molten salts · Pyro-metallurgy

Introduction

Platinum group metals (PGMs) are six chemically very similar elements: i.e., plat-
inum (Pt), palladium (Pd), rhodium (Rh), iridium (Ir), ruthenium (Ru), and osmium
(Os). Mineable deposits are very rare and found in relatively few areas of the world.
South Africa dominates the PGM world production with 58%, Russia accounts for
a further 26%, most of it as a co-product of nickel mining. Moreover, the world
demand is steadily increasing mostly due to the high loads of PGM currently used
in automobile catalysts, thus complying with the increasingly restrictive emissions
legislation.
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To decouple fromunstable suppliers, secondarymaterial streamsmust be fostered.
Moreover, the recovery of these valuable elements from by-products and waste
streams is in good harmony with the goals of the Circular Economy towards zero-
waste societies. Efficient and selective extraction of PGM from different matrices
(ores or wastes) is challenging, mainly due to their chemical properties (inertness).
Ways of processing and extracting them have been, and still are, the subject of many
investigations through decades [1].

Within the frame of the EU-financed project PLATIRUS (GA 730224), SINTEF
has investigated the possibility of recovering PGM from spent automobile catalysts
by different innovative methods involvingmolten salts [2]. In this work, the approach
consists of a pyro-metallurgical treatment of the waste catalyst material (ceramic
monolithic honeycomb) followed by an electrorefining process from a molten salt
electrolyte.

Pyro-metallurgical processes provide the best conditions of pre-concentration of
PGMs from the very diluted waste flows [3], thus being the most frequently used
methods for extracting PGM from spent automotive, petrochemical catalysts and
PGM sweeps. The benefits of the pyro-metallurgical processing methods include
large PGM recovery rates and high throughput. However, challenges are still encoun-
tered, and investigations are still focused on further enhancing the affinity of PGM
particles for the melted collector metal (usually Cu, Fe, or Ag), and the viscosity of
the slag phase.

Moreover, the subsequent electrorefining process from amolten salt media allows
the extraction of the collector base-metal from the PGM-containing anode with
better selectivity and lower energy consumption than state-of-art refining process
in aqueous solutions. This is mainly owed to the fact that, commonly, the kinetics
of the electrode charge-transfer reactions in molten salts are fast due to the high
operational temperatures [4]. Moreover, the stability of lower valences of metallic
species in molten chloride media implies a lower voltage needed (lower energy) in
the analogous electrorefining process in aqueous solutions where higher valences are
the solely stable species.

In this work, SINTEF has investigated the possibility of extracting the PGM
elements from the spent catalyst material by first converting the waste in a suit-
able and conductive anode with up-concentrated PGM content by means of a pyro-
metallurgical process. Subsequently, the PGMs were selectively extracted by means
of an electrolysis process from a molten salt media. Optimization of the pyro-
metallurgical process led to PGM recovery rates close to 100%. Furthermore, and
after adjusting electrolyte composition, working temperature, and cell design, the
subsequent electrolyticmethodwas assessed in a lab-scale electrolysis reactor, where
the metal collector was refined and recovered for further use. In this way, the PGMs
could be selectively separated at a current efficiency of ca. 70%.
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Experimental

Experimental Setup

The end-of-life automobile catalyst monolithic honeycombmaterial was provided in
the form of powder byMonolithos Catalysts Ltd [5]. Characterization and analysis of
the indialite/cordierite ceramic monolith material is reported elsewhere [2]. Typical
PGM (Pt, Pd, Rh) content is of ca. 2500 ppm.

The pyro-metallurgical pre-treatment was carried out in a large induction furnace
capable of accommodating 4 kg of waste catalyst material per trial. Due to the nature
of very dilute PGMs content in the monolithic honeycomb waste, Cu metal was
used as collector of the metal phase during the thermal treatment. The slag compo-
sition was modified to get the best conditions (viscosity) for metal/slag separation
by adding CaF2 and/or CaO fluxes. Graphite crucible and furnace lids allowed a
CO/CO2 atmosphere in the furnace during the slag pre-treatment. After the trials,
the crucible was cut, and the metal phase separated from the slag. The metal fraction
obtained was weighted, and further characterized by SEM-EPMA and analyzed by
ICP-MS.

The experimental cell in the electrolysis step consisted of a programmable vertical
tight furnace with a mullite liner that housed a glassy carbon crucible (Øint =
70 mm) used as electrolyte container. A water-cooled lid supported a metal top
plate that allowed the insertion of the anode and cathode, as well as thermocouple
for temperature control. The systemwas kept under inert atmosphere usingAr (purity
of 99.999%).

The electrolyte was the LiCl–KCl mixture at the eutectic composition, i.e.,
58.2 mol% LiCl and 41.8 mol% KCl. All salts and the catalyst waste material
were dried at 200 and 100 °C, respectively, for at least 48 h prior to use. The
working temperature was kept to 470 °C monitored continuously using a thermo-
couple type S (Pt–Pt 10% Rh) shielded by a closed-end alumina tube and connected
to a multichannel Keithley 2000 Multimeter.

The metallic phase from the pyro-metallurgical up-concentration step was intro-
duced inside a small alumina crucible and on top of a graphite disk, which was used
to establish the electric contact using a W wire protected from the electrolyte by an
alumina tube. This anode arrangement was polarized against a 6 mm diameter Cu
cathode rod connected to a steel current collector. A reference electrode was used
to control the anode and cathode voltages. This was based on the AgCl/Ag system
and consisted of a silver wire (1 mm diameter) dipped into a silver chloride solution
(0.75 mol kg−1) in the LiCl–KCl electrolyte, all housed in a closed-end mullite tube.
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Methodology

Firstly, the waste catalyst powder was mixed with the proper amounts of fluxes
(CaF2 or CaO), and with or without different amounts of metal collector (Cu).
Then, the mixture was placed in a graphite container, which was introduced in the
high-temperature induction furnace. The effect of temperature and holding time was
investigated. After the heat treatment, the furnace was cooled down to room temper-
ature, the crucible extracted and subsequently cut for further SEM-EPMA analysis.
Samples of the metallic phase were analyzed by ICP-MS/OES (Inductively Coupled
Plasma Mass Spectrometry/Optical Emission Spectrometry).

The recovered PGM-containing Cu metallic phase was further transferred to the
electrorefining cell where it was used as anode.

The electrorefining experiments were performed by applying a constant anode
voltage (potentiostatic mode versus AgCl/Ag reference electrode) using an Autolab
potentiostat. All voltages, as well as the resulting currents, were logged by using a
Keithley 2000 Multimeter.

Samples of the molten bath were taken prior to and after the electrorefining trials,
using a quartz tubewith a quartz frit to avoid solid particles. The samples were cooled
down in a desiccator and stored until analyzed by ICP-SFMS (Inductively Coupled
Plasma Sector Field Mass Spectrometry).

Once the experiment was finished, the furnace was cooled down to room temper-
ature under argon atmosphere, and the next day the cell was opened and investigated.
The Cu cathode and anode lump were recovered and analyzed by ICP-MS/OES after
washing the entrapped salt with water.

Results and Discussion

Optimization of the Pyro-Metallurgical Step

Metal-rich droplet losses in slags due to insufficient phase separation remain an
important issue in pyro-metallurgical processes [6]. Therefore, the designof an appro-
priate slag system is the most important task when developing an efficient process for
the recovery of PGM from waste catalyst material. In this respect, viscosity seems
to be the most important physical property of the slag, which depends primarily
upon the working temperature and composition of the slag. Moreover, interfacial
energy/tension between the PGM micro-particles and the molten slag may also be
of great importance to promote separation of the metal phase, and so achieving best
recovery efficiencies of PGM from the waste material.

The catalyst waste material consists mainly of cordierite (Mg2Al4Si5O18), zeolite
(typically, Na2Al2Si3O10·2H2O) and corundum (Al2O3) or other oxides like ceria
(CeO2) and zirconia (ZrO2) acting as catalyst layers that support fine PGM particles.
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Then, most part of the spent catalyst material will act as slag in the pyro-metallurgical
process.

It is well known that the viscosity of the slag increases with increasing concen-
trations of network formers (e.g., SiO2 and Al2O3), whereas both network breakers
(e.g., CaO, MgO, MnO, and FeO) and fluxes (e.g., Na2O, K2O, Li2O, CaF2, and
B2O3) decrease viscosity [7]. In addition, increasing working temperatures reduces
the viscosity of the slag.

On the other hand, the affinity of PGM particles for the melted collector metal
is a key factor in the pyro-metallurgical process. Cu was chosen in this study due
to the well-known mutual solubility between PGM and Cu. However, the largest
disadvantage of using Cu as metal collector is its price. Therefore, it is important to
recover the Cu for re-use.

Furthermore, large bubbles are produced during the gas-blowing stages during the
pyro-metallurgical treatment. Therefore, a sedimentation step is necessary before
phases can be tapped. The settling time of this step needs to be long enough to
allow the different phases to separate, but to avoid large energy consumption and
production times it cannot be too long.

Taking the above into consideration, the following parameters and values were
tested:

(i) Slag composition, i.e., CaO and CaF2 additions, 2.5, 5, 10, and 20 wt%.
(ii) Atmosphere conditions, i.e., inert (Ar), air, and CO/CO2.
(iii) Temperature, i.e., 1500–1650 °C.
(iv) Holding time, i.e., 1–3 h.
(v) Metal additive and amount, i.e., 0, 2.5, 10, and 15 wt% Cu with respect to

catalyst waste.

Table 1 summarizes the parameters used, and the results obtained in terms of metal
recovery rates and PGM extraction efficiencies in different pyro-metallurgical tests.
Figure 1 shows some examples of micrographs from the crucible after the pyro-
metallurgical treatment.

The results showed that the addition of Cumetal, as PGMs collector, increased the
recovered metal droplet size, then accelerating the settling velocity of metal droplets,
thus increasing the recovery rate. Moreover, metal recovery is enhanced when
increasing density difference between metal and slag, as well as when decreasing
the viscosity of the molten slag by adding CaO. In addition, the effect of reactor wall
on the PGM recovery was also studied experimentally. It was found that a 250%
increase in diameter of the crucible leads to an improvement of ca. 5% in the overall
PGMs recovery.

When investigating the results obtained, the optimal parameters for the pyro-
metallurgical pre-treatment of the ceramic catalyst material can be summarized as
follows:

(i) 10–15 wt% CaO addition. The slag viscosity obtained is optimal, so there is
no need of adding CaF2, which will increase the hazardous nature of the slag
by-product.
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Fig. 1 Examples of crucibles after the pyrometallurgical treatment according to Table 1. a Exp #2;
b Exp #3; c Exp #4; d Exp #5. (Color figure online)

(ii) CO reducing atmosphere, obtained by using graphite linings/containers.
(iii) Working temperature in the range of 1600–1650 °C.
(iv) Holding time, 1–1.5 h.
(v) Cu additive, 10 wt%, with respect to the catalyst sample and PGM contents.

The choice of the concluding parameters is based upon the recovery of PMGs, energy
efficiency as well as cost-effectiveness of the process.

SEM micrographs of the metal and slag phase using the optimal conditions as
shown in Fig. 2. EPMA analysis showed that the metal phase, mainly consisting
of Cu, contained also significant amounts of Fe, as well as some Si (cf. Fig. 3).
Moreover, the amount of metal in the slag phase was negligible, thus confirming the
good metal separation and recovery.

The pyro-metallurgical step was able to pre-concentrated the PGMs by ca. 10
times from the waste feedstock to the generated metallic phase, with an energy
consumption of ca. 5.5 kWh kg−1 Cu recovered.

Fig. 2 SEMmicrographs obtained using the optimal conditions for the pyro-metallurgical process.
a Metal phase; b Slag phase. (Color figure online)
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Fig. 3 EPMA analysis of the metal phase from Fig. 2a. (Color figure online)

Optimization of the Electrorefining Step

The Cu metal phase recovered after pyro-metallurgical pre-treatment of the spent
catalyst (cf. Fig. 4a) was transferred to an electrolysis cell where it was anodically
polarized against a Cu cathode. Schematics of the electrorefining cell is shown in
Fig. 4b.

Fig. 4 a Examples of metal phase (Cu + PGM) recovered after pyro-metallurgical step.
b Schematics of the experimental electrorefining setup. (Color figure online)
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ICP-MS analysis of the metal lump showed that the most relevant impurity that
could affect the electrorefining process is Fe (cf. Table 2). It is expected that in the
cases where the content of Si is quite significant (3 wt%), it will leave the electrolyte
to the gas phase as SiCl4 gas. P is another significant impurity in the metal lump,
as the P content in the catalyst waste is up-concentrated in the metal phase. If P is
anodically oxidized, it will be collected in the gas phase in the form of PCl3 gas.

The standard potentials of the most relevant electrochemical systems are gathered
in Table 3. Despite the values do not take into account the solvation effects of the
dissolved metal ions by the Cl− ions from the chloride electrolyte, it is possible to
predict that Cu, Fe, Si, and P could be anodically extracted, as Cu(I) and Fe(II) ions
and PCl3 and SiCl4 gas, while Pt being still in metallic form in the anode. In the
LiCl–KCl electrolyte, the formation of potassium hexachloro-platinate complex is
very stable, so the anodic dissolution giving K2PtCl6 is more favoured than that of
the Pt-chlorocomplexes (200 mV, cf. Table 3). Despite this, the standard potentials
of Pt, Pd, or Rh dissolution are far more anodic from that of the Cu system.

The electrochemical behavior of PGM-containing Cu metal lump was studied by
linear sweep voltammetry (cf. Fig. 5a). As expected, its anodic dissolution corre-
sponded to that of metallic copper [9], though some extra ohmic resistance could be
observed due to the presence of an oxide layer in theCu-PGMmetal lump. The results
showed the optimal anodic potentials to be applied in the electrorefining process.

Electrorefining tests were carried out in the eutectic LiCl–KCl mixture at ca. 450
°C containing ca. 1.5 wt% CuCl, using the experimental setup shown in Fig. 4b. A
series of potentiostatic electrolysis trialswere systematically run, by anodic potentials
applied ranging from−0.2 to+0.3 V versus AgCl/Ag reference system. The current
values registered during the trials are shown in Fig. 5b.

Electrolyte samples, as well as the metal lumps before and after the electrolysis
trials, were analyzed by ICP-MS. The results indicated that a significant weight loss
of the Cu-PGM lump was detected when the electrolysis process was carried out at
an applied anodic potential of at least +0.2/+0.3 V versus the AgCl/Ag reference
system, where significant current was obtained (cf. Fig. 5b).

BSE micrographs of the metal lumps after the electrorefining clearly showed
an up-concentration of the PGM-rich areas (bright areas in Fig. 6b), compared to
the micrographs of the Cu-PGM sample before the direct electrolysis process (cf.
Fig. 6a). These results confirm the PGMup-concentration in the anode after the direct
electrolysis process.

Analysis of the Cu deposit at the cathode and the amount of Cu in the electrolyte
before and after the electrorefining process showed that Cu was selectively extracted
from the Cu-PGM anode, the current efficiency of the process being ca. 70%, which
is not so bad considering the small laboratory cell. Considering that the optimal cell
voltage applied is in the order of 0.4–0.5V (cf. Fig. 5b insert), the energy consumption
is estimated to be in the order of 0.2–0.3 kWh/kg-1 Cu refined.Considering an average
PGM content of 2500 ppm in the waste catalyst, the energy consumption related to
the PGM extraction is of 7 kWh/kg-1 PGM.
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Table 3 Standard potentials
of most relevant
electrochemical systems
determined from theoretical
thermodynamic values of the
pure chloride substances
using HSC software [8]

System Eo /V versus Cl2 /Cl− @
450 °C

Fe(III) + e− = Fe(II) 0.099

Cl2 (g) + 2e− = 2Cl− 0

Cu(II) + e− = Cu(I) −0.181

Pt(IV) + 5e− = Pt (s) −0.212

PdCl62− + 4e− = Pd(s) +
6Cl−

−0.269 (in the presence of
KCl)

Pd(II) + 2e− = Pd(s) −0.328

Rh(III) + 3e− = Rh(s) −0.357

P(V) + 5e− = P −0.396

PtCl62− + 4e− = Pt(s) + 6Cl− −0.403 (in the presence of
KCl)

P(III) + 3e− = P −0.826

Cu(I) + e− = Cu −1.017

Fe(II) + 2e− = Fe −1.241

Si(IV) + 4e− = Si −1.469

0.00
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Fig. 5 a Example of linear sweep voltammogram obtained using the Cu-PGM metal lump as
working electrode in the eutectic LiCl–KCl mixture at 450 °C. Sweep rate 100 mV s−1. b Current
reads during direct (potentiostatic) electrolysis trials at different anode voltages applied (given vs.
AgCl/Ag reference system). The cell voltages obtained in each case are showed in the insert. (Color
figure online)

Summary and Concluding Remarks

The extraction of platinum group metals (PGM) contained in waste automobile cata-
lyst monolithic honeycomb was investigated by a novel approach that combines a
pyro-metallurgical and electrolysis step.

Optimization of the pyro-metallurgical step gave the best conditions to achieve
the best efficiencies in PGM recovery. It was found that the recovery of the metal
fraction is enhanced when increasing the density difference between metal and slag,
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Fig. 6 BSE images of the Cu-PGM metal lumps at different magnifications, a before, and b after
the electrolysis process at applied anode potential of +0.3 V versus AgCl/Ag reference system

as well as when decreasing the viscosity of the molten slag. Moreover, the addition
of Cu metal, as PGMs collector, increased the recovered metal droplet size, then
accelerating the settling velocity of metal droplet, and increasing the recovery rate.
The optimal process parameters included 10–15 wt% CaO and 10 wt% Cu additions
to the waste material, 1600–1650 °C working temperature, and 1–1.5 h holding time.
The energy consumption of the process is estimated to be of ca. 5.5 kWh kg−1 Cu
recovered.

The subsequent electrolysis process is carried out from a molten salt electrolyte,
thus allowing the electrorefining of Cu from the PGM-containing metal with better
selectivity and kinetics as well as lower energy consumption than in state-of-art
processes using aqueous solutions. This is due to the fact that Cu(I) species are
stable in the molten salt electrolyte, thus the voltage (and so energy) needed in the
electrorefining process is lower than that in an analogous aqueous solution process
where Cu(II) are the solely stable species. Experimental trials in a small laboratory-
scale cell demonstrated that Cu could be extracted selectively at a current efficiency
of ca. 70%. The energy consumption of the process was estimated to be in the range
of 0.2–0.3 kWh/kg-1 Cu refined which amounts to ca. 7 kWh/kg-1 PGM, assuming
an overall PGM content (Pt, Pd, Rh) in the waste automobile catalyst monolithic
honeycomb of 2500 ppm.
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Developed Commercial Processes
to Recover Au, Ag, Pt, and Pd
from E-waste

Rekha Panda, Manis Kumar Jha, Jae-chun Lee, and Devendra Deo Pathak

Abstract Due to the supply gap towards increasing demand as well as loss of
precious metals by illegal recycling, present research reports application-oriented
processes developed at CSIR-NML, India to recover precious metals from small
components of e-waste containing ~0.1–0.8% Ag, ~0.03–0.9% Au, ~0.01–0.02%
Pd, ~0.0003–0.0005% Pt, and related effluent. Firstly, ~99.99% Au was recovered
from plated e-waste using the process of selective leaching followed by charcoal
adsorption and heat treatment, whereas the second process consists of disman-
tling, physical/ chemical pre-treatment of e-waste followed by hydrometallurgical
processing to recover 99% Ag, 99.9% Au, 95% Pd, and 90% Pt. Apart from the
above, leaching and selective precipitationwere used to recover ~95%Ag fromwaste
computer keyboards. The effluent generated during the e-waste processingwas found
to contain ~8–10 mg/L Au, which was also recovered using ion-exchange technique.
All processes presented are scientifically validated and commercially viable after
scale-up studies.

Keywords Precious metals · Recycling · E-waste · Hydrometallurgy

Introduction

Precious metals (PMs) naturally occurring elements with high monetary value are
usually present in uncombined form in rocks or placer deposits of water bodies as
well as in alluvial sands. They are regarded as noble metals owing to their remarkable
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resistance towards the external environment. Gold (Au), silver (Ag), platinum (Pt),
and palladium (Pd) belong to the group of precious metals. Particularly, Au and Ag
have been highly prized by mankind since ancient times, whereas Pt and Pd have
been recently discovered [1]. In ancient times, precious metals were mostly used
for fabrication of religious decorative articles, jewellery, and currency due to their
beauty, stability, and scarcity but in the present scenario they play a key role in the
industrialized world resulting in manifold applications from industrial to advanced
material science owing to their incomparable chemical and physical properties. PMs
arewidely being used in electrical and electronicmanufacturing industries to produce
electronic components such as printed circuit boards (PCBs) of computers, mobile
phones, parts of medical and telecom equipment, smart-cards, sensors. Specially,
Au, Ag, Pt, and Pd play important role in the modern electronic devices. On global
aspect, the net consumption Au, Ag, and Pd by the electronics manufacturing sector
is about 20%, 35%, and 16%, respectively, out of the total quantity mined annually
[2]. The worldwide demand of Au in the field of electronics was around 254 tons in
the year 2015 [3]. About 130 kg of Cu, 3.5 kg of Ag, 0.34 kg of Au, and 0.14 kg of
Pd could be produced by recycling one ton of mobile phones which is almost 10–100
times greater than their respective ores [4, 5].

In the present scenario, the financial and technological advancements along with
modern lifestyle and high living standard of people have initiated availability of
cheaper and improved electronic products in the market, which has led to incredible
increase in the volume of electronic goods being procured by the consumers. It is
projected that annual revenue of $ 62.5 billion is to be generated by the end of 2020,
according to the report of global e-waste management market [4]. Replacement
of older models by new ones has resulted in the generation of huge quantities of
electronic waste (e-waste) at their end of life which needs to be properly managed
[6]. E-waste is also termed as urban ore as they are generated in urban area, whereas
their collection is called urban mining. The e-waste containing significant amount of
PMs proposes an important recycling potential for the secondary supply of precious
metals. The price of precious metal and cost of exploration is so high that urban
mining could be a key solution to meet their present demand as this can save the
exploration time and cost as well as high grade of metals compared to conventional
mining could be produced [7]. The depleting conventional reserves of preciousmetals
coupled with increase in their demand have imposed a challenging task ahead for
sustainable development. In the current scenario, e-waste recycling industries are in
need of processes to recycle precious metals from obsolete electronic devices.

India has been progressively emerging as an industrialized and economically
advancing country in the world with major producer of many important metals and
industrial minerals but the status of precious metals production is rather dismal.
Consequently, importance has been felt to research on precious metals recovery from
secondary resources, especially e-waste, using economically feasible technologies.
Therefore, it is necessary to exploit alternative resources and develop technologies
to meet the future demands of precious metals for their various applications.

Recycling of e-waste to recover precious metals can be achieved using
pyro-, hydro, electro-metallurgical, or hybrid processes. Pyrometallurgy is a
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conventional method which needs more investment but recovery is difficult in view
of high purity along with the loss of precious metals. Moreover, it also leads to emis-
sion of toxic gases into the environment, whereas hydrometallurgical processes are
gaining much attention to recover precious metals from e-waste due to its high
selectivity, low toxic emission, and high purity product formation. Various pre-
treatment methods (roasting, pyrolysis, pre-leaching, etc.) have been reported to
remove organic substances, which hinders the leaching of precious metals from
source material [8]. After pre-treatment, leaching is carried out for maximum disso-
lution of metals. Several authors have reported the recovery of precious metals using
cyanide and non-cyanide leachants. Cyanide is the most common leachant and has
been employed for more than a century for dissolution of gold owing to its high
selectivity and stability of dicyanoaurate complex [9, 10]. Other non-cyanide lixi-
viants such as thiosulphate [11, 12] and aqua regia [13] have also been reported for
effective leaching of precious metals. Recovery of gold from waste solution using
precipitation [14], solvent extraction [15, 16], adsorption, and ion exchange [3, 17,
18], etc., have also been reported.

From the extensive literature review made, it was concluded that there is still a
lack of feasible and indigenous technology to recover precious metals from e-waste
in environmental friendly manner. Keeping in view, the significant conflict between
availability of natural resources of precious metals, lack of viable technology, as well
as its loss by illegal recycling practices, CSIR-NML in India has been continuously
engaged in making sincere R & D efforts to develop application-oriented e-waste
recycling processes using pyro-/hydrometallurgical/combination of both. The work
developed and reported by our group is clearly different than the other researchers
which mostly reported basic scientific studies whereas in present work emphasis
has been made on industrial viability. The flow-sheets developed at CSIR-NML to
recover precious metals (Au, Ag, Pd, and Pt) as value-added marketable products
from e-waste are scientifically validated, economical, and eco-friendly that will not
only lead to proper e-waste management but also produce high-value products which
will add to the economy of the nation.

Developed Application-Oriented Processes at CSIR-NML

Materials

The outer surface of PCBs and its populated small components containing signif-
icant amount of precious metals (Au, Ag, Pt, and Pd) from different types of e-
waste comprising of personal computers, laptops,mobile phones, printers, television,
etc., were used as raw material for process development. PCBs with gold coating
on surface, ICs, MLCCs, Mylar sheet of keyboards and dilute effluent left after
processing of e-waste were used for experimental purpose.
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Minerals acids such as hydrochloric acid (HCl), sulfuric acid (H2SO4), and
nitric acid (HNO3) were procured from Merck, India, whereas salts viz. sodium
metabisulphite (SMB), potassium chloride (KCl), sodium chloride (NaCl), and
sodium hydroxide (NaOH) used for precipitation studies were supplied by Rankem,
India. Organic extractants 2-hydroxy-5-nonylacetophenone oxime (Trade name
LIX 84/ LIX 84IC) and mixture of 5-nonylsalicylaldoxime and 2-hydroxy-5-
nonylacetophenone oxime in ratio 1:1 (Trade name LIX 984 N) used for solvent
extraction were procured from M/s Cognis Corporation, Ireland. Apart from this,
different dilute solutions were prepared using de-ionized water.

Methodology

Hydrometallurgical route was followed for the development of feasible flow-sheet
to recover Ag, Au, Pt, and Pd from e-waste. Initially, all scraps were dismantled
and parts such as PCBs, hard disks, monitors, plastics, batteries were separated. The
PCBs were further depopulated using thermal treatment to de-solder and liberate the
small components such as integrated circuits (ICs), multilayered ceramic capacitors
(MLCCs), processors, diodes, transistors, etc., mounted on its surface. The selected
samples were pulverised in a high-impact pulveriser to get mixture of metals, plas-
tics, ceramics, and epoxy, which was further processed for physical beneficiation to
separate the metallic and non-metallic parts using wet gravity separation technique.
The metallic concentrate containing precious metals were leached in a three-necked
pyrex reactor well fitted with a condenser in order to prevent the evaporation of gases
evolved at high temperatures. Hot plate was used for providing heat to the leaching
system, whereas magnetic stirrer was used for proper agitation of the samples. The
leach liquor obtained after filtration was further processed using advanced separa-
tion techniques (solvent extraction/ precipitation/ ion exchange) to collect pure metal
solution from which value-added marketable products of precious metals could be
produced. The leached residue was washed, dried in a vacuum oven, and analyzed to
obtain the mass balance for each set of experiment. The systematic approach used for
recovery of preciousmetals from e-waste is presented in Fig. 1. The chemical compo-
sition of all raw materials used as well as solution prepared were analyzed using an
atomic absorption spectrometer (AAS) (Perkin Elmer Model, Analyst 200; Make:
USA) and inductively coupled plasma-optical emission spectroscopy (ICP-OES)
(VISTA-PMX, CCD Simultaneous; Make-Australia).
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Metallic concentrate (PMs and impurities)

E-waste / urban ore

STEP 1: DISMANTLING, DEPOPULATION & CLASSIFICATION

Components containing precious metals (PMs)

STEP 2: PRE-TREATMENT/ PHYSICAL BENEFICIATION

STEP 3: LEACHING OF METALLIC CONCENTRATE

Leach liquor containing PMs

STEP 4: PURIFICATION OF LEACH LIQUOR

Purified solution of PMs

STEP 5: PRECIPITATION/ CEMENTATION/ ELECTROWINNING

Metals/ salts of PMs

Fig. 1 Systematic approach for the recovery of precious metals from e-waste. (Color figure online)

Hydrometallurgical Flow-Sheets Developed for the Recovery
of Precious Metals

Recovery of Au from Outer Surface of PCBs of Various
Electronic Equipments

Panda et al. [3] developed a suitable hydrometallurgical process for the separa-
tion/ recovery of precious metals particularly Au from the waste PCBs of used and
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discarded electronic equipments has been developed and transferred to Indian recy-
cling companies. Depending upon the type and composition of the source materials,
two processes have been developed. First one cyanidation of gold followed by char-
coal adsorption and second one being the selective dissolution of non-ferrous metals
to get pure gold as residue. The outer surface of PCBs plated with gold was anal-
ysed and found to contain ~0.01–0.03% Au. The gold-plated PCBs were leached in
cyanide medium for maximum dissolution of gold followed by the process of char-
coal adsorption where all gold gets adsorbed onto the activated charcoal [3]. Further,
the gold adsorbed charcoal was burnt at elevated temperature (~1350 °C) to obtain
gold metal. In the second process, selective dissolution of other metals (impurities)
present in the PCBs was carried out leaving gold in the residue. By this method all
non-ferrous metals got dissolved except gold. The residue containing gold obtained
wasmelted at ~1350 °C to obtain pure goldmetal. Both the processeswere carried out
in closed system following proper safety measures. The effluent generated during the
experiments was properly treated by electrolytic/chemical oxidation to completely
decompose the cyanide content, whereas the gases NOx evolved during nitric disso-
lution was passed through scrubber. Both the processes are feasible depending upon
the composition of the raw material. Gold of high purity was obtained using further
purification techniques.

Recovery of Ag, Au, Pd, and Pt from ICs

A feasible hydrometallurgical process has been developed by Panda et al. [19] to
recover precious metals from the waste ICs present in e-waste (Fig. 2). The process
has also been transferred to Indian recycling company. The beneficiated metallic
concentrate obtained from ICs was analysed and found to contain ~0.6% Ag, ~0.1%
Au, ~0.01% Pd, ~0.0005% along with non-ferrous metals (mainly Cu). Two stage
leaching was carried out for maximum dissolution of precious metals followed by
their purification and recovery using advance separation techniques. In first stage,
leaching of themetallic concentratewas carried out using 4MHNO3 at 90 °Ckeeping
50 g/L pulp density for 1 h to dissolve maximum non-ferrous metals along with Ag
leaving other precious metals (Au, Pd, and Pt) in the leached residue [19].

HNO3 was found to be suitable leachant for non-ferrous metals (Cu, Ni, etc.)
and Ag. About 98% leaching of metals was achieved under the above experimental
condition.Whereas in second stage, the leached residue containingAu, Pd, andPtwas
dissolved in mixture of hydrochloric acid and sodium hypochlorite to get more than
95%preciousmetals in solution. Further, advance separation techniques were used to
obtain purified solution of preciousmetals fromwhichmetals/ saltswere recovered as
marketable products. The leach liquor obtained in the first stage was found to contain
Ag, Cu, and Ni. Initially, it was processed for the precipitation of Ag followed by
the selective separation of Cu and Ni by solvent extraction technique using organic
extractant LIX 984 N. Almost all Ag present in the solution was recovered as silver
chloride (AgCl) using NaCl and 10 min mixing time. Solvent extraction was carried



Developed Commercial Processes … 121

LEACHING-II
NaOCl + HCl Leached residue 

Leached residue (Au, Pd, Pt)

SMB

LIX 84

HCl

Leach liquor (Au, Pd, Pt)

PRECIPITATION-II Salt (Au)

Filtrate (Pd, Pt)

SOLVENT EXTRACTION-II

Pure solution (Pd)

Raffinate (Pt)

Pd-loaded LIX 84

STRIPPING

HNO3

Pulverized ICs

ICs
(Ag, Au, Pd, Pt, Cu, Ni, plastics, ceramics & epoxy) 

Metallic concentrate (PMs and non-ferrous)

Plastics, ceramics, epoxy

PULVERIZATION

BENEFICIATION
NaCl

AgClLEACHING-I
Leach liquor (Ag, Cu, Ni)

PRECIPITATION-I

Filtrate (Cu, Ni)
LIX 984N

H2SO4

SOLVENT EXTRACTION-I

Pure solution (Cu)

Raffinate (Ni)

Cu-loaded LIX 984N

STRIPPING

Fig. 2 Applied hydrometallurgical process to recover precious metals from the waste ICs [6, 19]

out using organic extractant LIX 984 N at pH of 2.97 maintaining phase ratio (O/A)
of 1:1 at 10 min residence time. About 99.99% of Cu was extracted from the filtrate
leavingNi in the raffinate [6]. The leach liquor obtained in the second stage containing
Au, Pt, and Pd was precipitated using sodium metabisulphite (SMB) to get salt of
Au. The precipitate of Au obtained was filtered and separated, whereas Pt and Pd
remained in the solution. Further, solvent extraction method was used to selectively
extract Pd using extractant LIX 84 leaving Pt in the raffinate. The Pd-loaded LIX 84
was stripped using HCl to get pure solution of Pd. Salts of Pd and Pt were obtained
from the stripped solution and raffinate, respectively, using evaporation technique.

Recovery of Ag and Pd from MLCCs

Anapplicationorientedprocessflow-sheet to recoverAgandPd fromMLCCspresent
in PCBs of e-waste has also been developed by Panda et al. [20] (Fig. 3). The
depopulatedMLCCs fromPCBswere pulverized, chemically digested, and analyzed.
About 1.08% Ag, 0.14% Pd along with 1.76% Cu and 11.1% Ni were found to be
present in the pulverized MLCCs. As Ni was the major impurity present in the
pulverized sample, therefore, it was removed by selective leaching using 2 M HCl
at 75 °C and pulp density 100 g/L in two stages. The obtained leached residue was
washed, dried, and further leached using 4 M HNO3, 80 °C, pulp density 100 g/L,
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Fig. 3 Developed hydrometallurgical process to recover precious metals from the waste MLCCs
[20]

and mixing time 1 h to get 99.99% of both Ag and Pd in solution. The leach liquor
containing Ag, Pd, and Cu was put to precipitation studies using KCl to selectively
precipitate Ag as AgCl. The Ag depleted solution was put to solvent extraction study
using LIX 84IC to selectively extract Cu from the solution leaving Pd in the filtrate.
The Cu-loaded organic was stripped using diluted H2SO4 to get pure solution of Cu.
Both the pure solution of Cu and Pd obtained were evaporated separately to get their
pure salts [20].

Recovery of Ag from Mylar Sheet of Keyboards

Keyboards of personal computers are one of such electronic good that contains signif-
icant amount ofAg (~2%). These keyboards after their end-of-life are treated aswaste
and become the part of waste stream. Keeping in view the increasing demand, strin-
gent environmental regulations and limited natural resources of Ag, a hydrometallur-
gical process flow-sheet has been developed at CSIR-NML to recover Ag from scrap
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Computer keyboards

DISMANTLING 
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Other parts

CUTTING

LEACHING

FILTRATION

HNO3

Leach liquorLeach residue

AgCl 

HCl
PRECIPITATION CEMENTATION

Ag metal

Cu

Fig. 4 Novel process flow-sheet for the recovery of Ag from Mylar sheet

computer keyboards (Fig. 4). Initially, the scrap keyboards of personal computers
were dismantled and the transparent plastic thin film (Mylar sheet) containing Ag
was separated. The Mylar sheet was cut into small pieces and further leached using
HNO3 at elevated temperature (90 °C) in 60 min contact time for maximum dissolu-
tion of Ag. More than 95%Ag leaching was achieved under above mentioned exper-
imental condition. From the obtained leach liquor, Ag was recovered as high purity
marketable product (salt/ metal) using precipitation/ cementation technique. The
developed process flow-sheet is economical, environment friendly and has potential
to be translated in industry.
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DRYING

Amberlite IRA 400Cl/ 
Ionenaustauscher-II resin

ION-EXCHANGE

ELUTION

Au-Loaded resin
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CEMENTATION/ EVAPORATION

Metal/ salt (Au)

Effluent treatment plant (ETP)
Filtrate

Fig. 5 Developed process flow-sheet to recover Au form dilute solution using adsorption technique
[3, 21]

Recovery of Au from Wastewater/Effluent

Apart from the above-described flow-sheets related to recovery of precious metals
from e-waste, R & D efforts have also been made to recover precious metal specially
Au from wastewater/ effluent generated during the processing as well as recycling
of e-waste. The effluent generated during the e-waste processing was analyzed and
found to contain ~8–10 mg/L Au. The flow-sheet developed by Panda et al. [3, 21] to
recover Au from such dilute solution using ion-exchange technique is presented in
Fig. 5. Two different resins Amberlite IRA 400Cl and Ionenaustauscher-II have been
used to obtain enriched solution of Au. Maximum adsorption of Au took place at
equilibrium pH 9.6 in 30 min maintaining aqueous/resin (A/R) ratio 25 mL/g using
Amberlite IRA 400 Cl, whereas 99%Au adsorption was achieved between eq. pH ~8
in contact time of 30 min using Ionenaustauscher-II [3, 21]. In both the cases, elution
of the loaded resin was achieved using mixture of hydrochloric acid and thiourea in
contact time of 30 min. About 88 times enriched solution of Au was obtained, from
which value-added marketable products (salt or metal) could be produced.

Conclusion

Based on the various processes developed at CSIR-NML for the recovery of precious
metals from different segments of e-waste, the following conclusion has been drawn:

• E-waste is the potential source for the recovery of precious metals (Au, Ag, Pt,
and Pd).

• Generation of ample amount of e-waste annually, as well as lack of efficient
recycling technology, lead to loss of valuable metals.

• Recycling of PCBs, ICs, MLCCs, and their related effluent to recuperate of Au,
Ag, Pt, and Pd should be the prime concern towards zero waste.
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• Theprocesses developed to recover preciousmetalswillminimize the gapbetween
its demand and supply as well as curtail the load on import.
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Abstract Interest in the recovery of Rare Earth Elements (REEs) has increased
significantly in the last few years. There has been a concomitant increase in research
and in process development for REE recovery [1]. Antisolvent crystallization has
the potential to recover REE from solution at high yields and with minimal waste.
However, antisolvent addition generally results in uncontrolled primary nucleation
and very small product crystals. A better approach could be to carry out the crys-
tallization in fluidized bed reactors. Therefore, our approach in this work was to
focus on the development of a novel process for the recovery of REE by combining
antisolvent crystallization and a fluidised bed process. Thermodynamic modelling
showed that, when ethanol is added to a Nd2(SO4)3 or Dy2(SO4)3 solution as an
antisolvent, the only solid products formed were the REE sulphate salts. Since the
solubilities of the REE sulphate salts at any of the Organic/Aqueous (O/A) ratios are
of similar orders of magnitude to those of salts that have been successfully recovered
in a fluidised reactor process, an antisolvent, fluidised reactor process is potentially
suitable for REE sulphate salts. Batch experiments showed that the yields are suffi-
ciently high for a viable process. At the same time, the micrographs show that the
nature of the formed crystals are such that they are likely to form uniform and robust
coatings on seed particles in and fluidised bed reactor process. Therefore, our prelim-
inary conclusion is that this REE system is well suited for further investigation in a
combined antisolvent crystallization and fluidised bed process.
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Introduction and Background

The Rare Earth Elements (REEs), which include the lanthanides, yttrium, and scan-
dium, play an important role inmanyfields of advancedmaterials science [2]. In addi-
tion, due to their vital role in renewable energy technologies such as wind turbines,
batteries, and electric cars [3], aswell as in permanentmagnets, lampphosphors, cata-
lysts, and rechargeable batteries, they are becoming progressively more important in
the transition to a green economy [1].

Sources of REEs include raw deposits, waste materials as well as, potentially,
seawater [4]. Despite the fact that the REEs have been identified as critical raw
materials [5], typically only around 1% are recycled, with the rest being sent to waste
and thus being removed from the materials cycle [6]. Because of limited primary
resources on their territories, many countries will be forced to rely on recycling of
REEs frompre-consumer scrap, industrial residues, andREE-containingEnd-of-Life
products [7] as well as imports.

However, there is a significant but currently unrealised potential for recycling
REE from end-uses such as permanent magnets, fluorescent lamps, batteries, and
catalysts as well as from waste ores. South Africa has deposits that are rich in REE
but that are currently being discarded as waste. For example, at Namakwa Sands,
an REE-rich deposit is currently mined for zircon, ilmenite, rutile, and leucoxene,
but most of the REEs are rejected [8]. Another source of REEs is end-of-life nickel
metal hydride (NiMH) car batteries [9]. These batteries have a very limited life span
and contain valuable components such as nickel, cobalt, and REE.

Given that there is currently very little recycling taking place, it is clear that the
future potential for recycling will require a significant amount of research. REE
recovery from waste has the potential to contribute significantly to sustainability.
Although a significant investment will need to take place, there is the potential for
this research to have great benefits, as developing processes that will increase the
amount of REE recycling will contribute to the closing of material cycles as well as
to the global requirement for circular economies.

Interest in the recovery of REE has increased dramatically in the last few years,
with a surge of research and publications [10–16]. These have focussed on recovery
using staged precipitation processes carried out in various configurations of stirred
tank reactors [14] such as the parallel flow precipitation method [16]. Although it
is known that stirred tank reactors are not the most suitable choice for precipitation
processes, they are inevitably the default in both industrial processes and research
studies. This paper proposes that innovation is needed in the design of both the reactor
and solvent system in order to most effectively recover REE and to design efficient,
controllable, and sustainable processes. In this work, we focused on a feasibility
study for a fluidised bed, antisolvent process for the recovery of REE.
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Literature Review

Recently, it has been proposed to use a supercritical antisolvent-fluidized bed process
for particle coating in pharmaceutical applications [17]. However, to the best of our
knowledge, neither fluidised bed nor antisolvent crystallization has been used to
precipitate REE metal salts.

Antisolvent crystallization is used in the pharmaceutical industry [18], but is
uncommon in extractive metallurgy. The principle is to decrease the solubility of
the solute in the liquid phase through addition of a second solvent, whereupon the
solute crystallizes. After filtering off the solid phase, the solvents can be separated
and recovered. Antisolvent crystallization opens up new options for metal salts to
be precipitated under acidic conditions with high yield, something that is becoming
increasingly important if we are to develop processes for recovery of REE.

The problem with antisolvent processes is that, on addition of the antisolvent,
high local supersaturation is created, which generally results in uncontrolled primary
nucleation and, as a consequence, very small product crystals (<10 micron). Peters
et al. [19], when recovering scandium by antisolvent crystallization, found that the
crystals generated were extremely small ie. <2 µm. The fine crystals were attributed
to a very high supersaturation generated upon adding the ethanol to the strip liquor,
resulting in dominance of nucleation over crystal growth. The crystals decreased in
size with the increasing ethanol content due to the increasing supersaturation. Such
crystals are difficult to dewater and wash, resulting in impurity incorporation from
entrained mother liquor. The use of seeding, as well as carefully controlled dosage of
the antisolvent, can be used to promote crystal growth, resulting in larger, more pure,
product crystals. An even better approach would be to carry out the crystallization in
continuously operated fluidized bed reactors. Fluidised bed crystallization processes
are highly effective and can be used for selective removal and recovery of components
from wastewater, e.g. recovery of fluoride and phosphates and removal of heavy
metals [20–24]. By this technique, it is possible to recover salts from dilute streams
in the form of pellets, which can be easily handled downstream or included in the
final product [20, 25, 26].

The use of fluidized bed crystallizers allows for controlled crystallization and has
many advantages over conventional stirred tank crystallizers, like the elimination of
significant impellor crystal collisions and the ability to harvest pellets that migrate to
lower regions of the reactor once they reach a certain size. Fluidized bed crystallizers
use seeds to minimise the generation of fine particles by providing a large surface
area for crystal growth or deposition. This lowers the surface energy requirements
compared to homogenous nucleation [27]. As the crystallization reaction proceeds,
the seeding material becomes covered, either through growth or agglomeration, and
gradually migrates to the bottom of the reactor. This allows for the crystallizing
compounds to be separated from the treated stream in the formof pellets,which can be
harvested. This mechanism has been successfully used in systems such as 150 mg/L
Ni [21]; 5–100 mg/L P [28]; 3000 mg/L total metals [29]; 3557 mg/L NiSO4 [30],
and 5500mg/L Ca [31] and in the precipitation of yellow cake in uranium processing
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[32]. In these cases, supersaturation is relatively low, thus promoting deposition on
the seed surface,which facilitates the solid–liquid separation process and avoids large
volumes of sludge streams [21, 33]. While most studies conducted using fluidized
bed crystallizers focused on low concentration, inorganic systems, the application
of such crystallizers to REE systems has not, to our knowledge, been explored yet.
This is a potentially novel contribution of this work.

Therefore, our approach in this work was to combine antisolvent crystallization
and a fluidised bed process for the precipitation of REE (See Fig. 1). This novel
approach opens up new avenues for future efficient and environmentally sustainable
processes that have high recoveries of valuable end products from wastes. It will be
vital to study and evaluate the full process, including the recovery of the antisolvent
from the product filtrate (Fig. 1).

Aim

As part of developing processes for efficient recovery of REEs, the use of fluidised
bed crystallizers is proposed in this work. It is therefore important to carry out the
modelling of antisolvent crystallization of REEs and conduct preliminary batch tests
in order to establish the potential suitability of the system for this application. Since
the aim of this project was to establish the potential feasibility of the combined
antisolvent crystallization and fluidised bed reactor process, this was carried out in
two parts:

• The first part involved a thermodynamic modelling exercise which simulated the
antisolvent crystallization of REE using amodel alcohol. Themodelling was used
to identify the potential products, and to quantify the potential supersaturation;

• The second part involved carrying out batch experiments in order to study the
crystals formed and to determine the feasibility of the combined antisolvent
crystallization/fluidised bed reactor approach.

Method

Thermodynamic Modelling

Despite the ongoing interest in antisolvent crystallization processes, solubility data
of many salt-solvent-antisolvent systems are still not available or easily accessible.
This is particularly true for the solubility of REEs in alcohol/water mixtures. The
only data that was available was the solubility of Nd2(SO4)3 and Dy2(SO4)3 in an
ethanol/water mixture as part of a newly developed thermodynamic database in OLI
Studio 10.0 Stream Analyser [34] and therefore this was used as the model system.
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OLI Stream Analyser determines aqueous speciation and phase equilibria for
multi-component systems using the Helgeson–Kirkham–Flowers (HKF) Equation
of State parameters for the prediction of equilibrium constants. The predictions are
executed using the Mixed Solvent Electrolyte (MSE) framework derived from the
aqueous electrolyte non-random two-liquid (NRTL)model which uses the Bromley–
Meissner equation to extrapolate limited data, the Pitzer model for molecule–
molecule and ion–molecule interactions, the Helgeson–Kirkham–Flowers (HFK)
equation to approximate standard state properties of species in water, and The Soave
Redlich–Kwong Equation of State to determine fugacity coefficients of non-ideal
states [34]. The solubility product constants, K sp, of Nd2(SO4)3 and Dy2(SO4)3 in
an ethanol–water mixture of varying ratios from 0 to 1 were modelled.

Batch Tests

Batch tests were carried out using aqueous solutions of Y2(SO4)3 · 8H2O at
21.96 gL−1 of the octahydrate (i.e. [Y3+] = 6.4 g/L) and four different alcohols:
ethanol, methanol, 2-propanol, and t-butanol which were added at O/A ratios of 1:1
v/v.

Results and Discussion

Thermodynamic Modelling

The OLI Studio 10.0 Stream Analyser showed that, when ethanol was added to
aqueous solutions of Nd2(SO4)3 and Dy2(SO4)3, the only solid products formed
were the REE sulphate salts.

The modelled solubility product constants, KSP, of Nd2(SO4)3 · 8H2O and
Dy2(SO4)3 · 8H2O in the ethanol–water mixture of varying ratios are illustrated
in Fig. 2. The KSP values of other systems that have previously been studied in the
fluidised bed reactor are also shown.

In Fig. 2, it can be seen that the solubilities of the two REEs, at a range of O/A
ratios, fall into the same range as those of the two metal (II) carbonates, 10–6 < KSP

< 10–9, and are much higher than both the calcium phosphate with K sp < 10–27 and
the copper sulphide (K sp = 10–37) (Table 1).

In previous work, it was shown by Guillard and Lewis [21, 22] that NiCO3 is
suitable for crystallization in the fluidised bed reactor, as the NiCO3 coated the seed
material through heterogeneous nucleation, growth, and agglomeration. Tai [38]
showed the same for CaCO3, as did Seckler [37] for (Ca)3(PO4)2. Conversely, it was
shown by Lewis and van Hille [39] that metal sulphides, such as CuS, are not suitable
for crystallization in a fluidised bed reactor due to their extreme insolubility and very
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Fig. 1 Schematic diagram of the proposed fluidised bed reactor

high supersaturations. This caused fines to be generated, and these were elutriated
out of the fluidised bed reactor.

Therefore, it can be concluded that the solubilities of the REE salts are in the range
of acceptable supersaturations and thus are potentially suitable for crystallization in
a fluidised bed reactor using an antisolvent crystallization process.
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Fig. 2 Ksp values of a range of salts, including Nd2(SO4)3 and Dy2(SO4)3 as a function of O/A
ratio where O = ethanol and A = water

Table 1 Ksp values of a
range of salts

Salt Ksp [35]

NiCO3 1.3E-7 [21]

CaCO3 4.872E-9 [36]

Nd2(SO4)3 at O/A (v/v) = 1 2E-16

Dy2(SO4)3 at O/A (v/v) = 1 1.84E-7

(Ca)3(PO4)2 3E-27 [37]

CuS 7.9E-37 [24]

Batch Tests

The yields for the batch experiments are given in Table 2. From the table, it can be
seen that ethanol generates the highest yield, followed by methanol and 2-proponal,
with t-butanol giving the lowest yield.

Figure 3 shows the Y2(SO4)3 salts produced in the batch tests. As can be seen in
these micrographs, the crystals formed in the batch experiments are in general very
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Table 2 Yields for batch
experiments at initial
Y2(SO4)3.8H2O at 21.96
gL−1 (of the oxalate) and
O/A ratios of 1:1 v/v

Experiment # REE Alcohol Yield (%)

1.1 Y2(SO4)3 · 8H2O Ethanol 96

1.2 Y2(SO4)3 · 8H2O Methanol 93

1.3 Y2(SO4)3 · 8H2O 2-propanol 93

1.4 Y2(SO4)3 · 8H2O t-butanol 86

Fig. 3 Y2(SO4)3 salts generated using, from left to right, ethanol, methanol, 2-propanol and t-
butanol as antisolvent. Scale bar= 20 micron for all except for t-butanol, where the scale bar = 50
micron

well faceted and isotropic in habit and therefore are good candidates for recovery in
the fluidised bed reactor.

For purposes of comparison, Fig. 4 shows the crystals produced in the NiCO3

fluidised bed process, (LHS of Fig. 4) and those produced in the CuS fluidised bed
reactor process (RHS of Fig. 4).Whilst the produced NiCO3 forms a uniform coating
on the seed particle, the CuS crystals are extremely small and “fluffy” and did not
coat the provided seeds.

Fig. 4 NiCO3 covered pellet from a fluidised bed reactor (Scale bar = 20 micron) and CuS
precipitate (Scale bar = 10 micron)
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Conclusions

The thermodynamic modelling showed that, when ethanol is added to a Nd2(SO4)3
or Dy2(SO4)3 solution as an antisolvent, the only solid products formed were the
REE sulphate salts. The modelling also showed that, since the solubilities of the
REE sulphate salts at any of the O/A ratios are of similar orders of magnitude to
those of salts that have been successfully recovered in a fluidised reactor process, an
antisolvent, fluidised reactor process is potentially suitable for REE sulphate salts.

The batch experiments showed that the yields are sufficiently high for a viable
process. At the same time, themicrographs show that the nature of the formed crystals
are such that they are likely to form a uniform and robust coating on seed particles
in a fluidised bed reactor process.

Therefore, our preliminary conclusion is that this REE antisolvent system is well
suited for further investigation in a fluidised bed reactor.
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from Recycled Hard Disk Drive Mixed
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Abstract Recycling electronic scrap is a significant source of rare earth metals.
Whereas traditional recycling routes for some electronic scrap emphasize the
recovery of silver and gold, value can be attained by recovering of rare earth elements
from unique feed streams. This paper describes a hydrometallurgical process for the
recovery of rare earth elements from hard disk drives using HCl as a re-usable extrac-
tion medium. The mixture was selectively leached using HCl to remove the magnet
alloy coating from shredded hard disk drives. The dissolved rare earth elements
were precipitated using sodium sulfate, recovered as the sodium double salt, and
subsequentially converted to hydroxides. The recovery of rare earth elements is
consistent with amounts predicted using a thermodynamic model based on the MSE
(Mixed-Solvent Electrolyte) framework of precipitated double salts. The effect of
HCl concentration was measured upon the magnet dissolution rate. In addition, the
leaching rates for steel were evaluated and found to be three orders of magnitude
lower than the magnet alloy. An automated system was used to control leachate pH.
Themagnet and steel dissolution rate were examined for various HCl concentrations.
The recovery of rare earth hydroxides was over 80%.

Keywords Rare earth elements · Recycling ·Hard drive magnet · Critical materials

T. E. Lister (B) · M. Meagher · M. L. Strauss · L. A. Diaz · H. W. Rollins
Biological and Chemical Processing, Idaho National Laboratory, P.O. Box 1625, Idaho Falls, ID
83415, USA
e-mail: tedd.lister@inl.gov

G. Das · M. M. Lencka · A. Anderko
OLI Systems Inc., 2 Gatehall Dr., Suite 1D, Parsippany, NJ 07054, USA

R. E. Riman
Department of Materials Science and Engineering, Rutgers, The State University of New Jersey,
607 Taylor Road, Piscataway, NJ 08855, USA

A. Navrotsky
School of Molecular Sciences and Center for Materials of the Universe, Arizona State University,
Tempe, AZ 85287, USA

© The Minerals, Metals & Minerals Society 2021
G. Azimi et al. (eds.), Rare Metal Technology 2021, The Minerals, Metals
& Materials Series, https://doi.org/10.1007/978-3-030-65489-4_15

139

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-65489-4_15&domain=pdf
mailto:tedd.lister@inl.gov
https://doi.org/10.1007/978-3-030-65489-4_15


140 T. E. Lister et al.

Introduction

Electronic waste (e-waste) or waste electrical and electronic equipment (WEEE) is
a growing feed stream of materials which were not recycled until the EU WEEE
legislative directive was approved in 2002 [1, 2]. The challenges to e-waste recy-
cling include the fact that manual separation and shredding are labor and equipment
intensive, and there are few economically relevant recycling strategies formany types
of e-waste [3]. As of 2016, 20% of e-waste was recycled worldwide in documented,
proper manner, but rest is either dumped or shipped to other companies where it is
recycled in a crude manner. In addition, rare earth elements (REEs) are not recovered
to any significant extent [4]. In fact, less than 5% of rare metals were recycled from
WEEE as of 2019 [5]. REEs are contained in displays, speakers, cell phones, motors,
hard disk drives (HDDs), voice coil actuators, and other materials. Alternatively,
according to Adamas Intelligence, the demand for rare earth oxides used in electric
cars is predicted to increase by fivefold by 2030 [6]. The United States Department
of Energy (DOE) considered neodymium (Nd), dysprosium (Dy), europium (Eu),
terbium (Tb), and yttrium (Y) as REE critical materials [7]. The overall crustal abun-
dance of the rare earth is similar to copper (Cu), but due to the technical challenges
associated with separation, the enrichment factor required for a rare earth mine must
be significantly higher than Cu [8]. For example, the cutoff grade for Cu might be
0.6%, but the cutoff grade for rare earth mine at Mt. Weld Mine is 4% [9–11]. When
the most valuable elements are dilute, additional ore must be processed to meet the
demand for those dilute metals needed for clean energy. In particular, the magnet
REEs (Nd, Dy, Pr) have increasing importance as they are required for clean energy
technologies, such as electric motors and wind turbines which justify the criticality.
Fortunately, REEs are found in HDDmagnets, particularly Nd in Nd2Fe14B (Nd-Fe-
B) magnets [12]. Reviews of REE reserves, suppliers, uses, and potential recycling
sources are available [12, 13]. The recovery of REEs from e-waste could meet future
criticality and bolster economic growth [14]. If more recycled metals are recovered
for value, less mining is required, and waste is minimized.

Because few recycling methods for REEs have reached the commercial scale and
most secondary sources of REEs are not being recycled, there is an increased interest
in recycling research. The literature has outlined potential REE recycling feedstocks,
existing recycling technologies and future needs [15–17]. A review of REE recycling
specific to Nd-Fe-B magnets was published, including both pyrometallurgical and
hydrometallurgical processes [15]. However, a more recent review outlines more
avant-garde methods for treating e-waste for REEs from HDD magnets [18]. Given
this recent review, the summary below will focus on the studies most relevant to this
paper.

Hydrometallurgicalmethods for the extraction ofREEs are supported by their easy
dissolution by mineral acids. The dissolution of scrap as the Nd-Fe-B magnets using
sulfuric acid dissolution and subsequent pH adjustment to capture was described in a
patent byLyman in 1992 [19].Nd-Fe-Bmagnet alloys react quicklywith protons (H+)
with copious evolution ofH2 gas [20].Due to reactivity, sinteredmagnets are typically
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coated with nickel (Ni) or layers of Ni and Cu. Selection of the acid for dissolution
(H2SO4,HCl, etc.) depends on the downstream recovery processes [21]. For example,
downstream solvent extractionmethods are supported by hydrochloric and nitric acid
leaching and selective precipitation methods prefer sulfuric acid leaching [15].

To recover REEs from solution, selective precipitation reactions have frequently
been reported to isolate dissolved REEs. All REEs form sparingly soluble trihydrox-
ides in basic medium [22], which can be used to precipitate REEs. However, a pH
shift to approximately pH 6 is higher than precipitation of co-dissolved metals such
as iron (Fe), nickel (Ni), and zinc (Zn). The REEs are highly soluble in chloride
and nitrate while having low solubility in sulfate which is pH dependent [23]. From
moderately concentrated H2SO4, a slight increase in pH to a value slightly over 1
will precipitate the REEs as double salt solids ((RE)2(SO4)3·Na2SO4·xH2O using
NaOH). As this pH is below that for precipitation of Fe [22], this method was used to
capture REEs from nickel-metal hydride (Ni-MH) batteries [24, 25]. Pietrelli et al.
used 2 M H2SO4 and obtained over 90% REE release, followed by pH adjustment
to 1.5 using NaOH to recover over 70% of REE content. The REE recovery from
magnet scrap (swarf) using the H2SO4-NaOH route have also been reported [26].
Phosphoric acid dissolution followed by pH increase has been used to precipitate
REEs from Ni-MH battery leachate solutions [26].

Recently, this group has focused on a comprehensive recovery process that can
produce different value streams from e-waste [20, 27]. An economic evaluation of
the comprehensive process has concluded that a cost-efficient recovery of REEs from
electronic scrap can only be achieved if other metals are recovered for value [14].
Specifically, for the recovery of REEs, the ferrous fraction (magnetically separated)
of mobile phones was treated using H2SO4 followed by pH increase to separate
REEs [27]. While use of H2SO4 is efficient for dissolution and recovery of REEs,
the presence of sulfate and sodium (Na) in the extraction media could complicate
material separation if the leaching solution was intended to be re-used.

This paper describes a modification to the chemistry used in that work, where an
HCl-based system is employed to dissolve REEs from mixed magnet-steel mixtures
followed Na2SO4 addition to precipitate as the sodium double salt. The resultant
double salt is then converted to rare earth hydroxide (RE(OH)3) using NaOH. While
previous work included data on the recovery of REEs, this work is dedicated to the
REE recovery process using HCl-based dissolution which includes a more thorough
assessment of recovery in comparison with the model predictions of recovery, addi-
tional purification of the powder product, and an assessment of the possibility of
leachate re-use.
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Materials and Methods

Materials

Leaching solutions were prepared in deionized water (18 M�-cm) using ACS grade
or better reagents. To examine the dissolution process, uncoated “Nd” (Nd-Fe-B) disk
magnets (1.3 cm diameter, 0.3 cm height) were used (McMaster Carr). Shredded
HDD material was obtained from Oak Ridge National Laboratory (ORNL). This
material was hand sorted using a coated Nd-Fe-Bmagnet to remove steel andmagnet
fragments from aluminum (Al), plastic, and circuit boardmaterial. This ferrousmate-
rial was used for recovery experiments. Magnetic particles and chunks were magnet-
ically attached to steel or tightly bound together onto steel as described previously
[15]. Due to the small quantity of non-homogenous scrap attained from Oak Ridge
National Laboratory, the team was unable to obtain a statistically relevant analysis
of the feed material.

Magnet and Steel Dissolution Studies

Steel coupons (1.6 × 1.6 cm) were cut from C-1100 shim steel. Air or N2 gas
were purged at 0.02 m3/h into an open beaker at ambient temperature (20–22 °C).
Experiments were performed for 6–24 h in 100 mL of 1 M HCl. Uncoated magnets
were exposed to a range of diluted HCl solutions at ambient temperature (20–22
°C). A solution volume of 250 mL was chosen to avoid significant concentration
change during the test. Stirring was not employed, although bubbles of H2 produced
from the reaction agitated the solution. Magnets were carefully balanced at an angle
against the side of the beaker to minimize contact area. Weight of the magnets was
recorded three times before and after exposure. Using the weight change, known
density (7.4 g/cm3), surface area (3.88 cm2), and exposure time (1 h), the uniform
dissolution rate was calculated. A uniform rate was used due to the lack of evidence
for localized attack.

Leaching System

A diagram of the system used to process material is shown in Fig. 1. The separated
HDD material was placed in the reaction column, and a pump was used to continu-
ously flow the acid solution through the vessel containing the material. A pH probe
was inserted in-line to inform a pH controller to release acid as needed. Dissolu-
tion was performed at normal room temperature (18–22 °C). Solution was pumped
through the reaction column at approximately 250 mL/min using a diaphragm pump.
While the system was automated, operation occurred under supervision during
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Fig. 1 Diagram of the
system to perform REE
dissolution. (Color figure
online)

normal work hours as a precaution. The pH controller operated a low flow peri-
staltic pump to deliver 5 M HCl to the leach reservoir. The pH was controlled to
maintain a value below 0. The addition of acid diluted the leach solution over time.
Solution was removed periodically and precipitated individually.

Recovery of Dissolved REEs

After dissolution, REEs were precipitated from the leachate as sulfate double salts
(NaRE(SO4)2·xH2O) by adding solid Na2SO4. Samples of the leachate, before and
after REE precipitation, were taken for chemical analysis. The precipitated double
salt was converted to RE(OH)3 (REOH) by reaction in 2 M NaOH for 2 h at 70 °C
[26]. The final REOH product was filtered, rinsed, and dried. In some cases, powder
was further purified by a second treatment in 10 M NaOH at 70 °C to completely
react remaining sulfate double salt and to leach metal impurities.

Analysis

A Bruker (S2 PICOFOX) bench-top total reflection X-ray fluorescence spectrom-
eter (TXRF) was used to analyze solutions and powders. The REOH products were
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dissolved in HCl before analysis. An aliquot of solution was pipetted onto the instru-
ment sample holders and dried. A selenium (Se) internal standard was used for anal-
ysis. The concentrations of Pr, Nd, Dy, Gd in the final powder products were analyzed
by an inductive coupled plasma mass spectrometer (ICP-MS) Thermo Scientific
iCAP Q. The analysis of Na, S, Fe, and Zn was performed using an iCAP Series
6000 inductively coupled plasma optical emission spectrophotometer (ICP-OES)
from Thermo Scientific. Calibration of ICP-MS and ICP-OES was performed using
commercially prepared standards (VGH and Spex).

Powders were analyzed using X-ray diffraction (XRD) in a Bruker D8 Advance
diffractometer operated at 40kVand40mA,with a cobalt (Co) target (K=1.78897A)
being used for the characterization of the REE deposits formed. The XRD spectra
were obtained for the REE sulfate double salts and hydroxides by scanning from 5
to 70° 2θ with a step size of 0.02° 2θ.

Thermodynamic Modelling

Aqueous systems containing REEs were modelled using the previously developed
mixed-solvent electrolyte (MSE) model [27, 28]. The model parameters were deter-
mined for REE sulfate-containing systems using the procedures that were described
in a previous work [30]. These procedures ensure that the model matches the avail-
able experimental data for solid–liquid equilibria, vapor–liquid equilibria, and caloric
properties. Subsequently, the model was used to calculate the solubility of REE—
sodium sulfate double salts and to predict on a thermodynamic basis the amounts of
the solids that are expected to precipitate in the experiments.

Results and Discussion

Dissolution Rate Determination

As described in previous work, the magnet alloy was reactive to acid solutions with
visible H2 evolution [20]. Due to challenges of separating magnets from electronic
devices, this process examined dissolution from steel-magnet mixtures. As described
in Eq. 1, the alloys react directly with H+ in strong acids to form H2, as shown in this
proposed reaction.

Nd2Fe14B(s) + 3H2O(aq) + 34H+(aq) → 2Nd+3(aq) + 14Fe+2(aq)

+ H3BO3(aq) + 18.5H2(g) (1)

The H2 gas produced by the dissolution reaction would need to be dealt with in an
industrial process through simple flaring, energy recovery or through dilution with
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air. Produced H2 acts as an indicator of reaction progress as does the time between
pH doses (H+ consumption).

To selectively dissolve the magnet alloy, previous work employed a N2 gas purge
to reduce the concentration of dissolved O2 [25]. This was in attempt to control
steel corrosion, as described in the well-known iron corrosion reaction (Eq. 2), by
reducing the concentration of dissolved oxygen.

2Fe + O2 + 4H+ → 2Fe2+ + 2H2O (2)

To assess the corrosion of mild steel, coupons of mild steel were exposed to 1 M
HCl with either N2 gas or air bubbling into the solution. The corrosion rate measured
over 24 h was 6.82 × 10–4 mm/h in air and decreased to 1.31 × 10–4 mm/h in N2.
Purging with an inert gas to remove O2 reduces the rate as Eq. 2 suggests.

Uncoated disk magnets were used to measure the dissolution rate of REEmagnets
as a function of HCl concentration. The rate of dissolution increased almost linearly
with HCl concentration (slope = 0.109 mm/h/M), with the rate at 1 M HCl being
0.170 mm/h, three orders of magnitude greater than that of steel. The dissolution
rates are rapid demonstrating the reactive nature of the magnet alloy.

However, as will be described below, even in the presence of oxygen, the disso-
lution rate is three orders of magnitude lower than the rate for the Nd-Fe-B magnet
alloy. Thus, it was decided to not purge O2 from the dissolution reactor, as the O2

removal may not be critical to control dissolution selectivity. It is anticipated that
steel corrosion will be even lower than measured for two reasons: (1) Dissolved
hydrogen from magnet dissolution should shift the corrosion potential of the steel to
prevent active corrosion and (2) the internally produced H2 should act to purge O2.

Recovery of REEs from HDDs

The REE recovery was performed using 200 g of magnetically separated HDDmate-
rial. Although the dissolution rate was demonstrated to increase with HCl concentra-
tion, a pH of 0 (1MHCl) was selected as the control value. The system was operated
over several days for a total of 52 h. A total of 545 mL of 5 M HCl was added
during operation. Solutions were pulled periodically (five total solutions) and each
processed individually to produce REOH powders. Figure 2 shows the elemental
weight, measured with TXRF, for all five solutions (4 pulls and the remains) before
and after sodium sulfate precipitation. The data was calculated using concentration
and measured volume followed by adding each solution. The inset in Fig. 2 shows
the % of mass decrease for the REEs in the solutions after precipitation (recovery).
The Nd showed the greatest drop in weight along with Y which was present in very
small quantities. The REEs such as Pr and Dy showed intermediate recovery while
La showed very poor recovery. The lower recovery was presumably due to the lower
starting concentrations close to the solubility limit for the double salt. Note that Fe
largely remains in solution while Zn appears to carry over to the precipitate. There
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Fig. 2 Total weight of elements before and after precipitation for all five solutions. Inset figure
shows the percent change for REEs after precipitation. (Color figure online)

was some carry-over of Cl as well. The S increases due to addition of excess Na2SO4.
Measurement of Na was not reliable using TXRF and was excluded from Fig. 2.

Table 1 provides recovery data as well as compositions of the recovered REOH
powders. The total weight of REOH product was 5.176 g. The% recovery was calcu-
lated using the solution analysis before precipitation and compared to the powder
analysis andweight of powder recovered. Recoveries of REOHexceeded 80%except
for Solution 2. The composition of the powder was determined using various analysis
methods described in the table.

In determining the composition %, REEs were assumed to be RE(OH)3, as
supported by the XRD data to be discussed below. Using a weighted average (based
on fraction of total powder collected), the REOH powder was over 77 wt%Nd(OH)3
and 81 wt% RE(OH)3. Note that the total wt%, which accounts for all analyzed
components, averaged 85%. It would be assumed the missing weight would be due
to O and H in waters of hydration, hydrous oxides, or sulfates. The adjusted %
RE(OH)3 values, obtained by ratio of the total REOH % to the total wt%, show an
average of 96%. The presence of significant Na and S is likely carry-over from the
Na2SO4 in solution 5. The primary transition metal contaminate is Zn which aver-
ages 1.3%. Well-known from cementation post-processing, Zn readily dissolves in
HCl. As shown in Fig. 2, most Zn reports to the precipitate. The Fe was present at
much lower levels, averaging 0.03%. This also agrees with Fig. 3 where most of the
Fe remained in solution. Other significant impurities were Ca and Cl. The origin of
Ca impurities is not known.
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Table 1 Results for powder products from the five solutions processed. REEs % were reported as
hydroxides. Average values were weighted in contribution based on the powder product recovered
for that solution

Solution 1 2 3 4 5 Average Total

Wt REE (g) 1.462 1.155 0.366 0.203 1.99 5.176

% Recovery 86.9 74.2 82.0 86.5 85.6 83.2

% Na 0.10 0.13 0.16 0.23 3.18 1.30

% S 0.38 0.38 0.12 0.08 1.32 0.71

% Cl 0.34 0.17 0.70 1.23 0.87 0.57

% K 0.08 0.11 0.04 0.05 0.06 0.07

% Ca 0.22 0.20 0.24 0.12 0.89 0.47

% Fe 0.02 0.04 0.03 0.03 0.04 0.03

% Co 0.10 0.09 0.08 0.09 0.11 0.10

% Zn 1.06 0.92 1.60 1.54 1.62 1.30

% Br 0.01 0.01 0.01 0.01 0.01 0.01

% Y(OH)3 0.01 0.00 0.00 0.01 0.01 0.01

% La(OH)3 0.46 0.41 0.26 0.33 0.42 0.41

% Pr(OH)3 3.59 3.20 2.95 2.73 2.82 3.13

% Nd(OH)3 81.23 78.64 75.03 72.84 74.19 77.18

% Dy(OH)3 0.78 1.25 1.29 1.52 0.87 0.99

% Gd(OH)3 0.08 0.07 0.07 0.07 0.06 0.07

Total % RE(OH)3 86.15 83.57 79.60 77.49 78.38 81.78

Total wt% 88.44 85.61 82.56 80.88 83.30 85.12

Adjusted % RE(OH)3 97.41 97.62 96.41 95.81 94.09 96.05

Fig. 3 The XRD spectrum of the solid obtained from solution #5. (Color figure online)
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Another way to estimate recovery is through acid consumption. If it is assumed
that all the acid consumed (0.545 mol H+) was due to magnet dissolution using Eq. 1,
0.0321 mol of REOH are expected to be in solution. Using the assumption that the
powder product was entirely Nd(OH)3 that equates to 0.0265 mol Nd(OH)3. Thus,
approximately 0.0056 mol were not recovered (~17%). Considering that the powder
product contains some water, this agrees well with the % recovery reported in Table
1.

A sample of the REOH powder recovered from solution 5 was analyzed by XRD
as shown in Fig. 3. The powder was identified as a match for Nd(OH)3 with no other
phases observed.

Comparison of Recovery to Model

The MSE model predicts the thermodynamic equilibrium state for the reaction of
Na, REE, sulfate ion, and water in the following equation:

Na2REE2(SO4)4 · nH2O(s) = 2Na+ + 2REE3+ + 4SO4 + nH2O (3)

Spedding and Jaffe [29] first described the relationship between REE sulfate
solubility and ionic radius. Recently, Das et al. [30] developed a comprehensive
parameterization of theMSEmodel for bothREE sulfates andNa-REEdouble sulfate
salts by analyzing various experimental thermodynamic data across the REE series.
Based on this parameterization, the MSE model was used as the thermodynamic
basis for determining the recovery of REEs as sodium double salts from the leaching
solution. The analysis ofDas et al. [30] revealed a characteristic, non-monotonic trend
in the solubilities of the sulfates as a function of the ionic radius. The non-monotonic
or “two-series” behavior is in fact a pervasive feature ofREE salt solutions. It has been
attributed to the combined effect of the change in the REE radius (which decreases
smoothly across the REE series) and the variation in the number of water molecules
in the first coordination sphere of REE ions. In particular, it was demonstrated that the
hydration number forREEsvaries in theREEseries [32–34]. La throughNdhave nine
water molecules of hydration and Tb to Lu have eight. Pm toGd have an intermediate
number of water molecules which causes a change in expected chemical property
relationships. Consequently, for many salt solutions, the transition in the hydration
behavior gives rise to non-monotonic behavior of thermodynamic properties [30]. As
a result, thermodynamic properties ofREEsoften havemaximaorminima at Pr orNd.
In the case of Na-REE double sulfates, this effect manifests itself in a pronounced
minimum in the solubility for Pr. Starting with Nd, the solubility increases as a
function of crystalline radius and becomes substantially higher for heavy REEs.
Based on the analysis of Das et al., the solubilities of different Na2RE2(SO4)4 salts
were calculated at 25 °C for different Na2SO4 concentrations and are presented in
Fig. 4 as a function of crystal cationic radii of REEs [31]. In particular, the solubility
of Dy is over an order of magnitude higher. The model also shows a decrease in
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Fig. 4 Prediction of
Na2REE2(SO4)4 solubility
in 0.1 m (blue circles), 0.5 m
(pink triangles), and 1 m
(green squares) Na2SO4 at
25 °C as a function of crystal
cationic radii [21] of REEs
(listed in reverse atomic
radius). (Color figure online)
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the solubility with the amount of Na2SO4 added which is congruent with what Le
Chatelier’s Principle would predict. This is primarily due to the common ion effect
and is in agreement with the experimental data reviewed by Das et al. [30].

Recovery of REEs can be predicted based on the MSE model using the concen-
tration prior to precipitation and the weight of Na2SO4 added. Then, the predicted
recovery can be compared with the XRF data. A comparison of the model and exper-
imental data is shown in Fig. 5. The actual recovery values for Nd were somewhat
lower than predicted by the MSEmodel, which suggests that nearly all Nd should be
removed in the precipitation step. The inset shows the detail for Pr recovery, where
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red bars give the experimental and predicted recovery, respectively. The symbols S1–S5 denotes
samples 1–5. (Color figure online)
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the predicted recovery was somewhat higher than the actual recovery for sample S1
and moderately lower for samples S2–S4. In the case of Pr, the initial concentration
wasmuch lower than forNd and, therefore, near-complete recoverywas not predicted
because a non-negligible fraction of Pr had to remain in solution according to double
salt solubility. Finally, the recovery of Dy was not predicted by the MSE model yet
significant recovery was observed. This is due to the very small initial concentrations
of Dy, whichwere lower than the solubility of the double salts.While this observation
could not be reconciled based on solubility calculations, the predictions for Nd and
Pr were reasonable. The reason for the apparent discrepancy for Dy may lie in the
co-precipitation of Dy and Nd due to the overwhelmingly larger amount of Nd in the
samples. It is well known that rare earth salts have a strong propensity to form solid
solutions containing two or more rare earth elements. This has been observed for
multiple classes of compounds, including REE oxides [35–39], chlorides [40, 41],
nitrates [40], and cuprates [42]. Although the formation of solid solutions has not
been reported for REE—Na double sulfate salts—it can be reasonably presumed that
solid solutions are also possible for this class of compounds. If this is the case, then
a relatively small amount of Dy may be incorporated into a Nd-dominated double
salt, thus leading to the recovery of Dy together with Nd. Also, note that XRF is a
semiquantitative measurement method for the rapid measurement of many elements.
Future work will include more robust quantitative measurements for the REEs.

Recovery of REEs from HDDs Using Recycled Solution

To assess the potential for recycling the leachate solution, a portion of the remaining
solution (after precipitation) was recycled with the aim of minimizing water usage
and waste volume. A second benefit of this approach is that REEs not precipi-
tated previously would carry over and thus could reduce overall losses. Acid is
the primary reactant in dissolving the magnets (Reaction 1), and this is not signif-
icantly improved by recycling. Table 2 shows results of recovered REEs. Results
were similar to the previous experiment using fresh HCl; however, recovery values
were about 10% lower. This could be due to a lower magnet composition in this feed
material (compositional variation) and thus a smaller percentage dropped out in the
precipitation step. A smaller quantity of 5 M HCl was added (451 mL) compared
with the previous experiment, and the final REOH product contained much less Zn
than the previous extraction. Although not shown, the powder obtained from solution
3 indicated Na2SO4 phase in the XRD pattern. This indicates that too much Na2SO4

was added and that additional processing might be needed to purify the product. It
is interesting that about 1/3 less Zn was observed compared with powders described
in Sect. 3.2.
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Table 2 Results of powder product analysis from the three solutions processed using recycled
solution

Solution 1 2 3 Avg. Total

Total weight (g) 0.31 0.447 2.193 2.95

% Recovery 70.83 76.06 67.68 69.28

Na 0.63 2.57 7.387 5.95

S 0.10 1.08 3.190 2.55

Cl 0.39 0.13 0.142 0.17

K 0.04 0.05 0.085 0.07

Ca 1.17 0.93 0.270 0.46

Fe 0.04 0.04 0.013 0.02

Co 0.00 0.11 0.120 0.11

Zn 0.38 0.35 0.242 0.27

Br 0.01 0.01 0.019 0.02

Y(OH)3 0.01 0.00 0.004 0.00

La(OH)3 0.54 0.45 0.466 0.47

Pr(OH)3 5.82 4.89 2.416 3.15

Nd(OH)3 70.64 69.00 50.717 55.58

Dy(OH)3 2.28 4.16 1.404 1.91

Gd(OH)3 0.13 0.102 0.052 0.07

Total % RE(OH)3 79.42 78.61 55.059 61.19

Total wt. % 82.16 83.88 66.526 70.80

Adjusted % RE(OH)3 96.66 93.72 82.763 85.88

Elemental results were obtained by TXRF for Ca, Co, Cl, and Br. Na, S, Fe, and Zn analyses were
performed using ICP-OES. The remaining elements were analyzed by ICP-MS. The total wt.%
includes all analyzed elements. Adjusted % REE uses total wt.% to make an adjusted calculation.

Purification of Recovered Powders

With the aim to improve the purity of the REOH product by removing the unreacted
sulfate and other metal impurities, REOH powder 4 (Table 2) was subjected to a
second alkaline digestion in 10 M KOH. The purification results shown in Table 3
indicate a 12% increase in theREOHcomposition after the second alkaline treatment.
Elemental analysis performed with XRF did not detect sulfur in the re-processed
sample, which indicates that sulfates are no longer present in the refined REOH.
Regarding metal impurities, reductions of 50% and 65% were achieved for Fe and
Zn, respectively, while Co was completely removed from the REOH product.

Both, Co and Zn can re-dissolve at high pH forming dicobaltite (HCoO2
−) and

zincate (ZnO2
−) [22]. The purified REOH product obtained reached a REE purity

of 99.1% metal basis.
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Table 3 Elemental
composition of REOH
product before and after
purification in metal basis

Composition (%) Before After

Nd 91.35 93.73

Pr 3.40 3.45

Zn 2.58 0.89

Dy 1.96 1.68

La 0.40 0.13

Co 0.15 0.00

Gd 0.09 0.09

Fe 0.05 0.03

Y 0.01 0.00

Total REE 77.5 86.93

Total REE (metal basis) 97.2 99.1

Conclusions

Electronic scrap offers a significant source of REEs and the efficient recovery of
REEs could be important to clean energy technologies. This paper was built upon
a foundation of previous work regarding the recovery of REEs from mixed steel-
Nd-Fe-B alloy material. This mixture is a feed from shredded HDDs as output from
data destruction services. Experiments examined HCl concentration upon the rate of
dissolution of uncoated Nd-Fe-Bmagnets. It was determined that the HCl concentra-
tion had a linear effect upon leaching rate of magnets. The rate for steel was found to
bemuch lower andwas not of significant consequence in the process.ApH-controlled
flowing dissolution system was used to dissolve Nd-Fe-B magnet fragments from
shredded HDDs. After dissolution, the REEs were precipitated using sodium sulfate
and subsequently converted to REOH powder. Analysis demonstrated over 80% of
dissolved REEs were recovered. The product showed Na, S, Fe, and Zn were major
impurities. The purity level was decreased significantly by a secondNaOH treatment.
Therefore, a REOH intermediate product with a purity of 99.1% (metal basis) was
obtained from processed HDD. Recycling of the acidic dissolution solution resulted
in slightly lower recovery of about 70%. It is uncertain if the decreased recovery was
due to the recycling of acidic solution or simply a lower Nd-Fe-B composition in the
second batch.
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Extraction Chromatography
for Separation of Rare Earth Elements

Meher Sanku, Kerstin Forsberg, and Michael Svärd

Abstract Developing efficient and viable processes for separation of critical metals
is essential to meet the increasing demand. Rare earth elements (REEs) are identified
by the EU as critical resources, and moreover, they are difficult to separate due to
their similar properties. Extraction chromatography is a powerful method suitable
for difficult, high-purity separations, which could form part of a separation process
for recovery of REEs from various sources. In the present work, separation of REEs
from synthetic apatite leach solutions is investigated using physically immobilized
extractants. By means of reverse-phase columns, reversibly functionalized by acidic
organophosphorus compounds, the metals are separated by elution with nitric acid
solution.

Keywords Chromatography · Rare Earth elements · Separation

Introduction

Rare earth elements (REEs) are difficult to separate from each other by conventional
methods owing to their similarity in chemical properties. They are also found in
very low concentrations both in natural ores as well as in urban waste. With tradi-
tionally employed solvent extraction processes, large quantities of organic solvents
are usually needed to separate the REEs. Therefore, developing alternative separa-
tion processes, focusing on efficiency, environmental sustainability and economy, is
necessary. Extraction chromatography is a promising “green” candidate component
of such an alternative process, with the potential to separateREEs into individual pure
fractions. Benefits include the potential to achieve higher purity levels than solvent
extraction, using lower amounts of extractants and solvents, increased potential to
recycle chemicals, and a vastly reduced number of process steps required. In extrac-
tion chromatography, extractants which have shown applicability in solvent extrac-
tion processes are reversibly adsorbed (physisorption) to the non-polar chain groups
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of the particle surfaces of a reverse-phase (RP) chromatographic column, which can
subsequently be used for separation by elution with a suitable solvent. The method
of reversible physisorption allows significant flexibility in terms of extractant and
coverage. Ideally, the extractant used should offer sufficient selectivity to allow reso-
lution of the target elements; should be present at sufficiently high coverage to allow
sufficiently high sample loads to be processed; and the physisorption should be stable
under the elution conditions to allow the column to be used repeatedly without regen-
eration. Extraction chromatography for separation of metals from solution, including
REEs, has been investigated in several studies [1–5].

In the current project, preparative extraction chromatography is being evaluated
as the final stage of a hydrometallurgical process of recycling of REEs from aqueous
waste solutions. Thepoint of departure for the chromatographyprocess is the leaching
of REE-containing material such as ore, permanent magnets, or battery electrodes
[6]. The present contribution is an account of experiments using the extractant bis
(2-ethylhexyl) phosphate (HDEPH) together with elution by nitric acid gradients,
for the separation of six REEs from synthetic leach solutions, as part of a series of
experiments to establish a proof of concept.

Materials and Methods

Materials

The different solutions used in this study are described below. These solutions were
prepared by using the individual components as received.

Column conditioner: A solution of ethanol and water, the concentration of which
matches the concentration of ethanol and water in the acidic organophosphorus feed
solution. In the present account, a solution composition of 55.5 wt% ethanol with
the balance being milli-Q grade water is used.

Acidic organophosphorus feed solution: 71.8 mg Bis (2-ethylhexyl) phosphate
(HDEPH) per g solvent mixture was dissolved in a solution of ethanol and water of
similar composition as the conditioner. The resulting solution was verified to be a
homogenous one-phase liquid.

REE solution: A solution of six REEs predominant in apatite ore, prepared from
standard solutions mixed in equal amounts. The different REEs used in this mixture
were La, Ce,Nd,Y, Pr, andDy, and the final concentrations of eachREE are 167mg/L
(1000 mg/L with respect to total REE concentration).

HNO3 solution: Concentrated HNO3 (69%) diluted in water to obtain a 4 M HNO3

solution.

Arsenazo III solution: Arsenazo III, urea and acetic acid dissolved in water to form
a solution used for post-column reaction.
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NaOH solution: A 0.25 M NaOH solution.

HPLC Setup

A Thermo Scientific Dionex ICS-5000+ Ion Chromatography System was used. All
tubing and connections are made of PEEK. The solutions to the HPLC column were
degassedunder vacuum, and theflow rates controlledwith a 4-channel gradient pump.
An injection valve fitted with an internal coil of exact volume (50 µL) was used to
inject REE solutions. The temperature of the solutions, the flow path, and column
has been maintained at a set temperature using a cryostatic water bath and a thermal
compartment. The tubing between the solution bottles and the column was thermally
insulated. A dedicated isocratic pumpwas used to deliver Arsenazo III solution to the
eluate in a T-connector downstream of the column. A knitted braid downstream of
this connection was used to provide the necessary time to allow complex formation
between Arsenazo III and the REEs; a preprequisite for REEs to be detectable by a
UV detector at 658 nm. An automatic fraction collection module was used to allow
the REE concentrations to be resolved individually using inductively coupled plasma
optical emission spectrometry (ICP-OES). The chromatographic column used was
150 mm in length with an internal diameter of 4.6 mm. The column was packed
with Kromasil (Nouryon) C18-functionalized mesoporous spherical particles, with
a diameter of 10 µm and a pore size of 100 Å.

Column Preparation and Performance

The retention of ligands on the column is a result of interactions between the
hydrophobic C18 chains and the hydrophobic long chains on the HDEPHmolecules.
Before column impregnationwith acidic organophosphorus compounds, any residual
acid from previous runs were eluted with ethanol. The column conditioner was then
run through the column until steady state, followed by feeding the acidic organophos-
phorus solution to the column. Finally, the column was washed with water to remove
any loosely bound HDEPH. To optimize the column functionalization step and to
evaluate the coverage for a given feed solution, the amount of adsorbed organophos-
phorus compound was determined through elution with ethanol and subsequent
titration with NaOH solution.

For separation experiments, 50 µL of REE solution was injected. The retained
REEswere eluted using various combinations of isocratic steps and gradients ranging
from0 to 4MHNO3. Experimentswere conducted at two temperatures: 25 and 40 °C.
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Results and Discussion

Column Preparation

It was found that an equilibrium surface coverage was established after elution with
40 column volumes of feed solution, applied at room temperature, with no further
improvement obtained with longer preparation runs. The resulting coverage was
1.05 mmol HDEHP adsorbed on the column particles, which translates into a ligand
density of 0.64 mmol/g C18-functionalized Kromasil material.

Separation Experiments

Preliminary experiments of REE separation carried out under conditions of linear
gradient elution from 0 to 4 M HNO3 established that the column performance
is maintained and does not deteriorate over repeated runs under these conditions.
Moreover, as expected, increasing the eluent flow rate from0.5 to 2.0mL/min resulted
in some deterioration of the peak resolution, at a slight gain of process time. Finally,
increasing the temperature from ambient to 40 °C led to a significant improvement in
the peak resolution. The flow rate and the temperature for further experiments were
thus fixed at 1.0 mL/min and 40 °C.

However, the chromatograms obtained under these conditions were insufficiently
resolved with respect to the light REEs (eluted early, under low acid concentrations)
while it would be inefficient to extend the total process time required to elute all
six REEs by elongating the gradient. A combination of isocratic elution at low acid
concentration to separate the four lighter REEs (La, Ce, Pr, and Nd) followed by a
steeper gradient to separate and elute the heavier REEs (Dy, Y) was therefore eval-
uated. Figure 1 shows the resulting chromatogram obtained. The element-resolved
chromatogram obtained by ICP analysis of the collected fractions are shown in Fig. 2
for the isocratic part of the process. It can be seen that this column has the potential
to separate all the REEs evaluated in this study, notably providing an almost perfect
separation even for the notoriously hard-to-separate pair Nd/Pr.

Significance and Outlook

This work shows that, for loads just exceeding the analytical range, complete sepa-
ration into individual fractions of REEs—even for the hard-to-separate pair Nd/Pr—
can be achieved with extraction chromatography in a single stage from synthetic
acidic solutions. To attain industrial significance, however, the challenge will be to
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Fig. 1 The eluent concentration (dashed black line) and the elution profile of REEs obtained (red
solid line) at 40 °C using a combined isocratic–gradient elution. (Color figure online)

Fig. 2 ICP-OES resolved chromatogram from the isocratic part of the run shown in Fig. 1. (Color
figure online)

increase the limited productivity, which is the main drawback of chromatography as
a separation method. The total mass load, given by the volume and concentration of
REE-containing solution, has to be increased at a sufficiently maintained resolution.
Therefore, as a natural next step, the performance of the column at mass loads in
the overloaded regime must be evaluated, and the selectivity and the ligand surface
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coverage optimized for this purpose. Further areas of study include the influence
of other components and impurities present in real leach solutions on the column
performance and stability, and the optimization of the productivity with respect to
all variables of importance.

If an economically viable chromatographic method of separation of REEs into
individual pure fractions could be developed, the benefits would include a lower
amount of extractants required, a reduced carbon footprint, and a decreased amount
of waste to be handled in the process, since the amounts of organic solvents involved
would be drastically reduced. An extraction chromatography-based process would
be flexible and enable a high product purity in a single stage, without the need for
multiple mixer-settlers. Such a process could be a green, safe, and efficient alterna-
tive to established techniques available for recovery of these important metals from
several different sources, as well as opening up new avenues of recycling that have
hitherto not been commercially feasible.

Conclusions

In this work, functionalization of a hydrophobic C18 column with HDEPH has
been investigated, and the resulting column evaluated for separation of REEs. The
column under low sample loads has been verified to be suitable for separation of
all six evaluated REEs in a total process time of below 1 h, using a combination of
isocratic (0.24 M) and gradient (0.24–4.0 M) elution with nitric acid at a flow rate
of 1 mL/min and a temperature of 40 °C. The performance of the column has been
verified to be stable and maintained over several repeat runs. Overall, these tests
indicate the potential of extraction chromatography for separation of REEs from
acidic leach solutions as part of a recycling process.
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Tool and Workflow for Systematic Design
of Reactive Extraction for Separation
and Purification of Valuable Components

Hana Benkoussas, David Leleu, Swagatika Satpathy, Zaheer Ahmed Shariff,
and Andreas Pfennig

Abstract Rare-earth metals, such as La(III), Nd(III), Eu(III), or Y(III), which are
recycled from electronic waste in urban mining, can be separated and purified
utilizing reactive extraction. Process development and equipment design then aim to
determine the optimal reactive extractant, diluent, any additional components, equip-
ment type, structure of the equipment internals, aswell as all process parameters. This
requires a deep understanding of the chemistry of the underlying complexing reac-
tions as well as engineering expertise on extraction-process development as well as
equipment design. To aid this design task, a tool was developed based on cascaded
option trees, which combines the expertise from both sciences. Process design is
supported by a prototypic workflow and by systematically structured and quantitative
information on the underlying thermodynamics. The method is also applicable for
extraction of diluted components from aqueous solutions, as encountered in fermen-
tation broth in the context of bioeconomy. The method will be presented and applied
to examples from urban mining.

Keywords Urban mining · Process design · Option trees · Reactive extraction ·
Optimal process · Separation

Challenges in Extraction Design

In hydrometallurgy, reactive-extraction processes have been designed, which allow
efficient separation and purification of valuable metal components like precious
metals and rare-earth metals. These processes have been developed over several
decades, and a major body of experience has been built up that allows optimization
of the various processes [1]. In contrast, separating valuable metal components in
the context of urban mining is a relatively new field of research, complicated by the
fact that metals are combined in different mixtures and ratios as compared with the
natural minerals. Depending on the specific source of the urban raw material, very
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different separation steps are required, whichmay be quite variable. This creates new
challenges for separation-process and equipment design.

An additional challenge in process design is the need to combine expertise from
chemistry and chemical engineering to arrive at an optimal process. For example, it is
not sufficient to optimize for equilibrium separation, if under process conditions, the
extract and raffinate cannot be easily separated. This in turn may strongly depend on
the matrix from which the feed has been obtained as well as the leaching conditions.
Thus, physical concerns such as coalescence and phase separation as well as mass-
transfer kinetics need to be considered early on in process design. Thus, engineering
expertise is essential.On the other hand, the concepts that help the chemist to optimize
the chemistry of the extraction, like the hardness of metal ions and extractants, may
not be as commonly known within the chemical engineering field.

To facilitate linking the expertise from both areas – chemistry and chemical engi-
neering – a methodology has been designed, which allows systematic process devel-
opment and eases communication between chemists and chemical engineers involved
in process design.

Option Trees as Support for Process Design

Based on previous experience in cooperation projects with industry, the cascaded
option-tree methodology had been proposed previously to support design of new
processes [2]. As starting point for an option tree for a specific separation-process
design task, the options for that separation process on a high level are collected
as well as the basic criteria that have to be fulfilled. Each option is then evaluated
to judge to which degree the individual criteria are fulfilled, which is recorded in
a corresponding matrix. The first criteria evaluated should be those that are most
restrictive. The result of this evaluation can be coded with colors or symbols. For
example, green or a ‘+ ’ indicate that the option meets the criterion, while yellow or
‘0’ show that the option would work for the criterion, but some challenges like higher
cost or more process effort are foreseeable. If an option does not fulfill a criterion,
this is indicated in red or ‘–’. As soon as for an option a criterion is evaluated as red,
that option does not need to be considered further. Once all criteria are evaluated,
the optimal process option as well as the next-best options on the chosen level of
refinement become obvious. If no option should remain, either the criteria have to
be relaxed – if that is acceptable – or other options must be considered. Barring that,
the separation considered is not possible.

For the best option(s) the option-tree procedure can then be repeated at a finer
level of detail. While at a high level different principal separation steps may be
considered, at the next finer level of detail in case of extraction different extractants
may be evaluated. This procedure can be repeatedly refined to include equipment
options and operating conditions. Thus, in a systematic way, the options available
at each level of detail are evaluated and the evaluation recorded in a transparent
manner. The methodology also has the advantage that the criteria evaluated as well
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as the underlying thermodynamic data for the metal components remain identical
for different separation tasks. As a consequence, it is possible to develop prototype
option trees, a systematic workflow, and a data basis that can be generally utilized
for varying applications.

Option Tree for Reactive Extraction

The cascading option-tree methodology was originally developed for the separation
of bio-based components from fermentation broth, and has since also been applied
to the separation of phosphorous from sewage sludge, from which heavy metals
should be removed [3], and is currently applied to rare-earth and transition metal
separation.As afirst example for the purpose of illustrating themethod, the separation
of cobalt and nickel shall be considered because of the simplicity of the system,
which nevertheless poses a separation challenge due to the similar behavior of the
metals. The methodology can directly be applied to other mixtures of metals and
more complex systems involving more components.

It is assumed that in a general process the metals are first leached from a solid
starting material, possibly after dismantling the urban waste, crushing, and grinding.
The choice of these preliminary steps as well as the leaching acid can already be
based on the option-tree method. Since here the focus shall be on the extraction step,
it is assumed that a suitable acid has been found. After the extraction, typical steps
are re-extraction and precipitation. Re-extraction, i.e., a second extraction step, in
which the loaded organic phase is extracted with an aqueous phase e.g. at different
pH, is used to regenerate the extractant and to access one separated component
in an aqueous phase. The desired products are typically precipitated either from the
aqueous raffinate leaving the primary extraction step and/or from the aqueous extract
leaving re-extraction.

For extraction, as a first step different extractants can be considered. From a chem-
ical perspective, the hardness or softness of the ions to be separated and the hardness
or softness of the extractant can be used as a framework for systematically sorting and
interpreting the extraction results. The hardness of a metal ion is defined as the arith-
metic mean of the electron affinity and the ionization potential, typically expressed
in eV [4]. The extractants which are O-, N-, or, P-donors are called hard extractants
and those which are S-, F-, or Cl-donors are called soft extractants. Additionally, the
extractants are sorted according to their decreasing pK values. As a result, a matrix
is obtained which systematically characterizes the equilibrium constants as shown
for some selected extractants and ions in Table 1. The source of these data is a large
collection of literature references, where care has been taken that the pK describes
the true equilibrium constant, i.e., the different concentrations of the extractant in
the respective experiments have been corrected for [5–10]. Since in many publi-
cations, only cases are reported which aim at optimizing a separation, i.e., where
degree of extraction is close to 0 or 1, this only allows to define a lower or upper
bound, respectively. In general, for any new separation task, these pK values can
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Table 1 Matrix with pK values for different combinations of extractants and ionic species to be
separated, evaluated from [5–10]

Extractant

Cyanex 272 Cyanex 302 Versatic 10 DEHPA

pKa 6.37 5.63 5.17 3.24

Metal ion hardness

– eV pK

Fe3+ 15.3 0.9 1.75 0.5

Cu2+ 9.5 1.75–3.6 < 0 4 2.8

Zn2+ 9.0 1.8–2 1.5 5.5 0.75–1.5

Ni2+ 8.5 5.75–6.2 6.5 6.4 5

Co2+ 8.2 4 3.9 6.6 4

be obtained, for example from the literature. If the required data are not available,
dedicated experiments have to be performed and evaluated to fill in the gaps in the
table.

Table 1 is the basis for evaluating the first criteria of the option tree for extractant
selection. In principle, it is assumed that hard metal ions are best extracted by hard
extractants and soft metals by soft extractants. Since metal ions need to be separated,
in the illustrative example cobalt and nickel, the difference in their pK should be
considerable, if a separation with few equilibrium stages is desired. For the examples
shown in Table 2, both Cyanex extractants have a similarly high difference in pK so
that separation is possible. For DEHPA, the difference is smaller, which means that
more stages are required for an identical degree of separation. Versatic 10 apparently
does not allow to separate cobalt and nickel, so it is indicated as red and no further
criteria are evaluated for this extractant.

As the next criterion in Table 2, the ease of extraction can be considered. This
includes the pH range at which extraction and re-extraction are to be performed,
which for all the remaining extractants is in a technically feasible range. Finally, the
re-extraction efficiency is considered, which refers to an agent for re-extraction being
available as well as the pH difference required between extraction and re-extraction.
If that difference is large, large amounts ofmore acid and base are required, leading to
excessive salt production. For this criterion, other alternatives can also be considered.
If the equilibrium for the desired separation is sufficiently temperature dependent,
instead of a pH shift a temperature shift may be an option, since it produces less salt
in the waste streams. In some cases, it may be possible to use ammonia to increase
the pH which can then be stripped from the aqueous solution by desorption. Such
options highly depend on the specific separation considered.

As shown in Table 2, it is then possible to obtain an overall rating for each option,
which is indicated to the left of the extractants. This overall evaluation should be
considered with care, since simply taking the arithmetic average of the evaluations
implies an equal weighting for all criteria that are included. In principle, it is possible
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Table 2 Option tree for the extractive separation of cobalt and nickel. Only a selection of options
and criteria is shown. (Color figure online)
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1 Cyanex 272 1 1 1

0.67 Cyanex 302 1 1 0

-1 Versatic 10 -1

0.67 DEHPA 0 1 1

to introduce individual weights for each criterion, but this can introduce new uncer-
tainties such that the overall benefit may be limited compared with the effort. Also,
it should be mentioned that a red entry should only be indicated if the option is
completely infeasible, as this leads to that option not being considered any further.

Next, the diluent can be selected from a variety of options using the same general
procedure, as shown in Table 3. While a sufficient solubility of the extractant is of
course the basic requirement, the subsequent criteria on the physical properties of
the diluent are essential for proper operation in a commercial extractor. The density
difference between the organic and aqueous phases should be high, and the viscosity
should be sufficiently low to avoid any impairment in phase separation after extrac-
tion. The interfacial tension should be in an intermediate range; if too low, emulsions
are formed at low levels of energy input and if too high, too much energy is required
for dispersing into sufficiently small drops to allow fastmass transfer. The last criteria
refer to the economyof the process. If the solubility of the diluent in the aqueous phase
is too high, this will result in excessive effort to remove it from the raffinate stream. A
high toxicity to environment or humans means excessive effort for safety measures
that need to be considered in the process design. Here, it is assumed that carcinogenic
and potentially carcinogenic compounds shall be excluded. If the diluent is prone
to degradation, the purge and makeup streams would be large, also affecting cost
efficiency. The last criterion on the ease of phase separation has obviously not yet
been evaluated in Table 3. It will be evaluated in the near future with a standardized
settling cell, which has been developed in previous research. Quantitative evalua-
tion of the results obtained with the standardized settling cell allows the design of
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Table 3 Option tree for the diluent selection for exemplary diluents and criteria. (Color figure
online)
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0.86 kerosene 1 1 1 1 1 0 1 1

-1.00 carbon tetrachloride 1 1 1 1 0 -1

-1.00 benzene 1 1 1 1 0 -1

0.57 toluene 1 1 1 1 0 0 1 0

0.71 xylene 1 1 1 1 1 0 1 0

0.86 biodiesel 1 1 0 1 1 1 1 1

-1.00 chloroform 1 1 1 1 -1

technical-scale settlers and quantifies coalescence properties for extraction-column
design [11, 12].

The cost criteria are not necessarily critical for the process operation itself. As
a consequence, in such a case, it may be beneficial if the criteria are split into two
groups. One group containing the essential criteria, where a negative entry means
that this option is completely infeasible. In a second group of criteria that are eval-
uated separately, ‘nice to have’ criteria can be collected, where a red means some
significantly higher level of effort and cost, but does not render the option infeasible
in principle. For example in the case of toxicity, certain levels of toxicity mean just
significantly more effort for safety measures, but have no influence on the process
itself. Thus, an option with a red entry in the ‘nice to have’ criteria would not be
realized unless it is the very last option that remains available after evaluation of all
other criteria.

Another aspect demonstrated in Table 3 is that the criterion ‘cost, economy’ is at
least partly redundant to the criteria on aqueous solubility, toxicity, and degradation.
This again shows that care needs to be taken in using the overall evaluation since
the redundancy may not be as obvious as in this illustrative example. As indicated
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above, weighting can be attributed to the individual criteria. This example also shows
that this may not eliminate the redundancy, since the cost criterion would include the
previous cost-related subcriteria but may also refer to other cost effects not captured
by previous criteria.

In the workflow proposed, corresponding option trees are then used to select
possibly required complexing agents, synergistic components, and modifiers. For
these choices, additional basic data are collected in corresponding tables compa-
rable in structure to Table 1. Also, the equipment selection and choice of operating
conditions are structured as option trees.

The information used to fill the option trees can obviously be drawn from rather
different sources. The easiest way is to refer to literature and databases as well as
expert knowledge which may be available, especially if certain options are to be
ruled out. Of course, sufficient care needs to be taken to assess the quality of the data
available. Own experiments may be considered as a reliable source of information,
but is the most time and resource-intensive option. The advantage of experiments
is that the original matrix of feedstock can be used; this is especially important for
phase separation, as it is known that matrix effects can have an extremely strong
influence [12]. The experiments do not include just the equilibrium data, which are a
starting point. The experiments also allow to determine parameters that are relevant
for equipment design like the settling time obtained from the standardized settling
cell alreadymentioned [11, 12] or experimental data on drop sedimentation andmass
transfer, which can also be obtained from dedicated lab-scale equipment [13, 14].
Also, simulation results can be utilized in evaluating the criteria for the different
options, where it has been shown that especially the drop-based simulations allow a
reliable design not only of the processes but of the individual equipment [15]. This
also allows to include equipment options in the option trees at the corresponding
level of refinement.

Discussion

Regarding the overall procedure, the method of cascading option trees is easy to
apply in general and leads to a very transparent overview of the options considered
and criteria evaluated. At each point in the process development, it is very clear
which options still exist and which of those are the best options available and why.
The method does not only allow to choose the best option but also second-best
options are directly visible. This is especially beneficial if an option at a later stage
of evaluation turns out to be infeasible for other reasons, since then the next best
options are directly accessible. Due to the transparency, the option-trees method has
turned out to be very helpful in delivering such evaluations to project partners.

The basic underlying data shown as an example in Table 1 translate the more intu-
itive concepts on soft and hard ions and extractants into quantifiable molecular and
thermodynamic properties, which allows easier access for engineers. This structure,
which meanwhile has been extended to include a variety of rare-earth and transition
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metals and several more reactive extractants, allows to get a quick overview of the
available options for new separation tasks. If a new combination of metal ions to be
separated is already contained in the table from other mixtures, this information can
directly be utilized to set up the option tree for extractant selection, among others.
It is also obvious that most entries in the option tree for diluent selection are inde-
pendent of the extractant. Of course, this has to be verified for each individual case,
but the available information is already a rather good first basis. In addition, the
other components to be added to the system as a synergistic component or modifier,
even though their effect is very specific to the metal and extractant, nevertheless are
usually chosen from a limited collection of options. Thus, not only the data tables but
also the option trees can easily be reused for new separation tasks. Finally, the overall
workflow is rather generic so that it can be applied directly in designing extraction
processes for any new separation task. As already mentioned, beside the application
to rare-earth separation and purification, it is currently also applied to bio-process
design aswell as to the recovery and purification of phosphorous from sewage sludge.
Since it allows to include the chemistry as well as the chemical-engineering perspec-
tive, it has proven to be useful on all levels including for equipment design, which has
been validated for the phosphorous recovery where this methodology has been the
basis for the design of a demonstrator on pilot-plant scale for a specifically optimized
process [16].

This overallworkflow, the prototype option trees, and the basic tables onmolecular
and thermodynamic properties form a sound basis for optimized extraction-process
and equipment design. Meanwhile, this methodology has been extended to rare-
earth and transition metals, with the separation from waste neodymium magnets
and fluorescent lamps as illustrative examples. The methodology and the data are
currently validated experimentally, the underlying documents being extended detail
of information and continually refined.
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Rethinking Mineral Processing
and Extractive Metallurgy Approaches
to Ensure a Sustainable Supply
of High-tech and Critical Raw Materials

Yousef Ghorbani, Glen T. Nwaila, Steven E. Zhang, and Jan Rosenkranz

Abstract Raw materials (RM) are crucial for maintaining our standard of living
internationally. The fourth industrial revolution and the energy transition are reliant
on access to various RMs. High-tech RMs are usually extracted as by-products from
ore deposits. To increase the production of rare high-techRM, it is essential tomodify
the existing bulk RM production processes and utilize partial, secondary, or waste
streams. This study aims to present and discuss the necessities of redefining the
concept and scope in mineral processing and extractive metallurgy approaches in
order to secure a sustainable supply of high-tech and critical raw material (CRM) for
the economy inmodern society.We introduce a list of paths and trends for developing
future concepts and methods in mineral processing and extractive metallurgy in
pursuit of the sustainability of high-tech CRMs from all resources.

Keywords Critical raw materials ·Mineral processing · High-tech raw materials ·
Extractive metallurgy · Process development

Introduction

Modern societies require many raw materials (RM), which are primary commodi-
ties that are used to produce derived goods and energy, such as crude oil, coal,
water, lumber, minerals and metals. Critical raw materials (CRMs) are currently
non-substitutable RMs, which most consumer countries are dependent on importing,
and whose supply is dominated by one or a few producers [1]. The definition and
assessment of criticality differ by country and change over time (e.g. [2]). Various
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factors affect the criticality of an RM, such as: production ceilings; decreases in
reserves; changes in the production ratio of bigger to smaller deposits; inefficient
price systems and; increases in extraction costs [1]. Hence, the sustained provision
of CRMs is contingent on a complex system of multiscaled socioeconomic and envi-
ronmental policies, technological and scientific progress, and international trade and
geopolitical stability. As the list of CRMs grows, there are serious challenges to
the sustainability of CRMs. The EU, Australia, the USA, UK, China, and Canada
have launched several campaigns, including the Raw Materials Initiative [3]. Their
main goal is to ensure the sustainable supply of RMs, while increasing benefits for
society as a whole [3]. Even as a major supplier of RMs, China has also estab-
lished its first policy and catalogue of “strategic minerals” in November 2016, which
is to be updated every 5 years. Solutions to the sustainability of RMs are likely
to be multisectoral and multidisciplinary and could include: increasing extraction
and processing efficiency and security; finding suitable substitutions; and increasing
recycling [3]. As many CRMs are dominantly minor constituents of ore deposits,
they are generally extracted as by-products and in limited quantities. Therefore, it is
indispensable to amend the existing production processes and to incorporate partial,
secondary, or waste streams. In this paper, we focus on various future-oriented ideas,
technology, and solutions to improve extraction and processing efficiency aligned
with a sustainable supply of high-tech CRMs for the economy in modern society. In
addition, supply potential from both primary and secondary resources are presented.

High-Tech CRMs

Definition and Changes in Assessment Over Time (2011–2017)

Changes in external factors such as consumption patterns and the proliferation of
new technology renders the list of CRMs dynamic. In 2011, the first list of 14 CRMs
was published by the EU, and reassessments would occur every 3 years. In 2014, the
list included 20 CRMs, which expanded to 27 in 2017 [2]. In 2014, one additional
CRM was silicon, which is the basis for current computing technology and remains
on the list in 2017, for which China is the world’s major producer at 61% [2]. In
contrast, chromium was added onto the list in 2014, but subsequently removed in
2017 as the EU refined its assessment methodology [2]. This is reflective of the fact
that criticality of a RM depends not only on its definition and changes in technology
but also the socioeconomic context. For example, the EU assessment methodology
uses the economic importance and supply risk to calculate criticality and adopts a
fixed baseline based on a threshold model [1]. The limiting factor varies and could be
monopolistic suppliers (e.g. REEs, [2]) or dwindling supply in known deposits (e.g.
platinum-group metals (PGMs), [2]). Although many CRMs are or have been histor-
ically supply-constrained, different conjectures exist on the extent of supply risk of
CRMs. In 2010, due to China’s embargo on rare earth elements (REEs) stemming
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from a China–Japan territorial dispute, many feared that production–consumption
imbalances in the CRM trade would become a foreign policy tool [1, and refer-
ences therein]. However, the implications are mixed since most REEs are abundant
in the earth’s crust. China merely hosts one of the largest insitu concentrations of
economic REEs and also beneficiate various CRMs as by-products from various
streams. Although companies such as Molycorp Inc. have in the past dominated the
extraction of REEs, China currently leads the production of many CRMs because of
production scale advantages, cheap labour, and relaxed environmental policies. Even-
tually, the abundance of CRMs inspired innovations outside ofmining and effectively
weakened China’s grip on the market. In a similar manner, supply–risk mitigation
consists of recycling and technological innovations in exploration, extraction, and
processing [1].

Concept of Sustainability

The concept of sustainability predates resource extraction and its application is perva-
sive. In 1987, theWorldCommissiononEnvironment andDevelopment (the “Brundt-
land Commission”) coined the term “sustainable development” as “development that
meets the needs of the present without compromising the ability of future generations
to meet their own needs.” The current human experience spans three main areas:
environmental; economic; and social, with the overlap of the three, a sustainable
combination. In practice, sustainability is challenging to define, monitor, and imple-
ment. It is therefore mainly a theoretically motivated but empirically operational-
ized goal to derive relatively more sustainable outcomes. For example, the United
Nations dissects the concept of sustainability into 17 distinct goals [4], of which,
many are relevant to CRMs, such as: affordable and clean energy; industry, innova-
tion and infrastructure; sustainable cities and communities; responsible consumption
and production; climate action; and decent work and economic growth. To approach
sustainability for some CRMs, a general solution is increased circularity and extrac-
tion/processing efficiency [1], while for others that are not conducive to recycling,
only enhanced extraction/processing efficiency is applicable outside of the market
and consumer considerations.
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Innovative Techniques and Solutions to Sustainable Access
to High-tech CRM

Influence of Mineral Crystallography and Fluid Inclusions
on CRM Extraction Route

The knowledge of the formation of a particular ore deposit (thermodynamics, chem-
istry, structures, emplacement conditions, spatial relationships) provides constraints
and guidance for mining and processing (MnP) and is sometimes useful for metallur-
gists to improve MnP. To date, most observations occur at the macroscale regarding
ore processes, although it is possible that microscale (e.g., crystalline/molecular)
innovations are on the horizon to support sustainable MnP through more selec-
tive reagents and processes. Microscale observations can be achieved through the
use of technologies such as: quantum chemical modelling; photoemission elec-
tron microscopy (PEEM)/scanning photoelectron microscopy (SPEM); nano-X-ray
fluorescence (nano-XRF); transmission electron microscopy (TEM); atomic force
microscopy (AFM); X-ray crystallography (XRC); and three-dimensional electron
microscopy (3DEM).Most of these are available at institutions (e.g., MAX IV Labo-
ratory, CERN European research laboratory, and Diamond Light Source). Micro-
scopic inclusions of fluid (1–20 µm) inside a host mineral during its formation
contains information of its parent hydrothermal fluid (chemistry and thermody-
namics) and are abundant (e.g., milky quartz containing ~1 billion inclusions per
gram) [5, 6]. To our knowledge, this type of information is currently unused, but
could be applied in a reverse-engineering approach to develop novel MnP methods
for high-tech CRMs. In addition, this information can be used to grow synthetic
crystals or to concentrate desirable CRMs, both of which aid CRM production and
recovery.

Smart Multifiltering System to Identify Specific Reagents

Chemicals are utilized in MnP from grinding, flotation, hydrometallurgy, solid–
liquid separation, tailings treatment, to materials handling [7]. Reagent design and
complexity is likely to increase to satisfy CRM demands and to cope with more
challengingores and impurewater.Additionally, increasing environmental andhealth
concerns likely imply chemicals with more specificity and less toxicity. Artificial
intelligence (AI) can significantly increase automation and augment decisionmaking
and along with big data are referred to as the “fourth paradigm of science” and
the “fourth industrial revolution.” Data/AI-driven approaches (e.g. high-throughput
sequencing in “-omics” fields) combined with predictive computational chemistry
have the potential to transform reagent design. In essence, computational modelling
of chemicals and reactions can generate a wealth of data, which combined with AI
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can rapidly identify suitable reagents or predict ideal reagent design. A smart tool can
be built around these technologies to automate, to the extent possible, the discovery
and design of reagents. This approach could identify mineral structure- and process-
specific reagents and would certainly assist the mining industry to maximise the
performance of their operations through optimised reagents and constant innovation.
Such tools are already employed in other industries such as pharmacology, which
evaluates huge number of chemical reagents and effective parameters, in order to
optimise pharmaceutical research and design. In comparison to traditional test work,
our proposed approach could evaluate many possible scenarios rapidly. In addition,
it can identify target conditions and reagent types, in order to conduct more effective
and detailed physical test work [8].

Downstream Extraction of CRMs from Primary
and Secondary Sources

Most CRMs are found in a variety of mineral systems, such as ore deposits and
in either complex ores or in low concentrations that are uneconomical for use. In
primary ore systems, economic recovery of CRMs is often limited by our ability to
isolate marketable concentrates. This calls for novel hydrometallurgical processing
techniques that isolate CRMs better and therefore also minimize waste. Hydromet-
allurgical techniques have shown the greatest potential for metal extraction from
both primary and secondary raw material resources. Hydrometallurgical processing
of complex low-grade ores and concentrates is becoming increasingly important as
the mining and metallurgical industry seeks to exploit mineral deposits that are diffi-
cult to treat conventionally. The metal extraction steps are typically characterized by
approaches that range from metal leaching by chemical reagents or bacterial action
under suitable thermodynamic conditions, and in reactors to vats or heaps (both
chemical and biological) to in situ recovery. Certain environmentally benign and
selective hydrometallurgical processes that require low capital cost for an equivalent
metal production rate may offer a solution to the current CRMs extraction challenge.
The selection of an optimal solution tends to distract engineers from realizing value
through integration or modification of existing flowsheets. For example, solution-
based processes such as Solvent Extraction (SX) and Ion Exchange (IX) provide
a starting point to explore for amenable solutions [9]. Both SX and IX are well-
known techniques and have been applied in a commercial scale for over 40 years. If
applied individually, the shortcomings may limit usage in a number of commodities
as illustrated in Table 1.

Integrating SX with IX can eliminate the negative characteristics of both
processes. The benefits of developing an integrated IX/SX flowsheet include, but
are not limited to: (a) recovery of metals from Pregnant Leach Solution (PLS) with
a broad concentration range, (b) extraction of metals from very low-graded PLS, (c)
avoids the construction of large ponds for prefiltration of the PLS, (d) effectiveness
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Table 1 Characteristics, advantages and disadvantages of using IX and SX techniques [10, and
references therein]

Technique Advantages Disadvantages Application

Solvent extraction:
Used for purification of
valuable metals such as
the concentration of
valuable metal(s) with
concentrations that
range from under 1 g/L
up to 100 g/L and
conversion from one
anion to another:
chloride to sulphate or
ammonia to acid
sulphate

• Operates in low
temperature
(<50 °C)

• Complete recycling
of barren solutions
in many cases

• Very high selectivity
at removal and
purification of
metals

• Metal conversion to
a form suitable for
easy subsequent
recovery

• Employs large
quantities of
volatile organic
substances, which
lead to large
footprint of SX
circuits

• Very sensitive to
low temperatures
and quantity of
total suspended
solids in feed
solutions

• Flammable
• Organic losses can
be deleterious to
the environment

Copper, uranium,
nickel, cobalt,
molybdenum, rare
earth and other
metals.

Ion exchange
Selective recovery of
metals from Pregnant
Leach Solution (PLS)
sourced from leaching
operations coming
through IX columns,
where PLS is passed
through the resin laid in
the columns and
valuable metal is
adsorbed on the resin.
The column is then
regenerated to obtain
highly purified metals

• Good selectivity
with respect to metal
ions

• Long life of resins
• Low maintenance
cost

• Ease of operation
• No disengagement
of phases,

• Economic feasibility
for use in low
concentrations of
metal ions

• Environmental
safety

• Relatively immune
to the presence of
suspended solids

• Success depends
largely on the
structure of the
resin and
specifically on the
ionic radius and
ionic charge
density of the
metal ions

• Calcium sulfate
fouling, iron
fouling, adsorption
of organic matter.

Platinum group
metals (PGMs),
gold, silver,
vanadium, mercury,
copper, zinc, cobalt,
uranium, vanadium,
waste/process water,
spent sulphuric acid
catalysts, fly-ash,
petrochemical
residues, AMD and
tailings dumps

in a variety of conditions including turbid solutions and solutions containing large
quantities of suspended solids, (e) reduction in organic losses, and (f) reduction in
plant size. An added benefit is that preconditioning of feed material may be unneces-
sary, hence a mixture of solution streams that share synergies from spent heaps and
dumps, acid mine drainage and other industrial streams can be processed without
modifying the flowsheet. This shows the possibilities that exist from combining
existing hydrometallurgical processes, which expands the possibility for recovery of
CRMs as by-products from secondary streams.
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Accelerated Selective Percolation Leaching

Percolation leaching processes can be defined as the selective removal of metal from
a mineral by allowing an appropriate solvent or leaching agent to trickle into and
throughamass or pile ofmaterial containing themineral. Subject to the characteristics
of the deposit and the ore, commercial percolation leaching is commonly categorized
into different groups [11, and references therein], of which, heap Leaching (HL) and
in situ leaching (ISL) are the two main percolation-leaching methods that have made
a significant contribution to mineral extraction (Fig. 1). Considering their substantial
technoeconomic and environmental advantages, they could play a key role in the
processing of high-tech CRMs.

Heap Leaching

Heap leaching from low-grade ores has become a key contributor to the overall global
production of Cu, Au, Ag, and U [10]. It is also sometimes applied to small higher
grade deposits in remote or politically high-risk locations to lessen capital cost.
Heap leaching also has been considered for Zn, Ni, and for ores bearing PGMs
and electronic scrap. Some types of heap leaching are commercially successful
(U, Cu, and Au) and some remain novel ideas or under commercialized (Zn, Ni,
Mn, Co, and primary-sulphide copper). Lack of success of heap leaching of some
commodities is less attributable to problems around mobilizing them through the
heap leaching, but more due to the ability to attain high recovery of the metal from
low-concentration solutions without destroying the lixiviant. SX reagents, IX resins,
and activated carbon adsorption were the important enablers for successful Cu, U,
andAu/Ag heap leaching. On the other hand, correspondingly effective reagents have
not yet been identified for the recovery of Zn, Co, Mn, and Ni without significant pH
adjustment to the PLS through neutralization of the sulphuric acid lixiviant [11, and

Fig. 1 The percolation leaching types and a summary of typical criteria (adapted from [10]). Note
n.a. denotes not applicable. (Color figure online)
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references therein]. The feasibility of heap leaching also depends on other factors
such as economic, environmental, and the long-term operational plan of themine that
supplies the feed ore, aswell as social concerns.When the disadvantages of long leach
times and slow extraction rates can be overcome, heap leaching offers substantial
prospective for further innovation.Many new ideas for heap leach processes, whether
based on different commodities (Zn, Ni, PGMs), or novel chemistry (use of thiosul-
phate for Au, ammonia for base metals, chloride or thermophile micro-organisms
for chalcopyrite) seem viable at the laboratory scale, but are possibly hindered by
limited heap permeability at the industrial scale. Environmental concerns around
heap leaching necessitate critical discussion. Incidentally, heap leach technology
could also play a role in the low-cost recovery of metals from secondary resources
to reduce the need for primary mining, as has already been shown in the context
of certain e-wastes. Care must be taken not to treat heap leaching as some sort
of ‘primitive’ technology. For its optimal operation, appropriately detailed knowl-
edge of the ore and the mechanisms of heap leaching is vital to understand and
evaluate the impact of any specific interference to advance performance. The long-
term success of heap leaching involves an intensive high-level cross-disciplinary
engineering approach from research and development from design to construction,
operation and closure. A comprehensive review on the theoretical background of
numerous heap leach processes, including a scientific and patent literature overview
on technology developments in commercial heap leaching operations around the
world was provide by Ghorbani et al. [10]. In their review paper, they have also iden-
tified factors that affect the selection of heap leaching as a processing technology,
defined challenges to exploiting these innovations, and concludes with a discussion
on the future of heap leaching.

In Situ Leaching

In situ leaching (ISL, also solutionmining, or in situ recovery (ISR)) passes a leaching
solution using injectionwells through an ore deposit to solubilizemetal(s) of interest.
The PLS is then returned to the surface through recovery wells. Consequently, the
surficial environmental footprint is minimized. However, the ore body permeability
and groundwater contamination are key concerns in ISL. ISLwas developed indepen-
dently in the 1970s in the former Soviet Union and the USA for extracting uranium
from sandstone-type uranium deposits that were unsuitable for open-pit or under-
ground mining. ISL requires water-saturated and permeable sands hosting the ore
deposit, which is bounded by impermeable strata. This method has been used for
mining in a number of eastern European and central Asian countries across a range
of commodities, most notably in the extraction of uranium from roll-front sandstone
deposits [12, and references therein]. In 2019, 57% of world uranium was mined by
ISL methods, a share that has risen steadily from 16% in 2000 [12]. Most uranium
mining in the USA, Kazakhstan, and Uzbekistan is now by ISL and the method is
becoming more popular in Australia, China, and Russia. In the USA, ISL is seen as
the most cost-effective and environmentally acceptable method of mining. Copper
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is the second-most popular commodity that is mined by ISL. There are references to
primitive forms of ISL of copper in Roman times, and perhaps even earlier in China.
ISL has been used for supplemental recovery of copper from established open-pit
and underground mines using both sulfuric acid and acidic ferric sulfate solutions.
In addition to ISL of intact material, there have also been numerous commercial
and experimental projects recovering copper after blasting, fracking, block caving,
and partial underground mining. ISL has also been used for the recovery of evap-
orites such as soda ash, potash, and salt. For example, ISL was used in 1994 on
the Gagarskoye Gold Deposit in the Ural Mountains region (Russia) for leaching of
gold-bearing regolith, which prompted the application of ISL to other gold deposits
in weathered regolith and deep placers. Pilot tests of ISL for nickel were successful
for some silicate nickel deposits. The ISL processing of tailings and pyrite ash is
also useful for remediation, not only for extraction. Scandium, rhenium, rare earth
elements, yttrium, selenium, molybdenum, vanadium were leached in situ as by-
products in pilot tests at the uranium deposits in the 1970s–1980s. More recent
developments in ISL of nonuranium elements suggests a more widespread adoption
of ISL should be considered.

The major economic challenge of ISL recovery of copper is limited exposure of
minerals to the leach solution in complex subsurface flow paths, which has gener-
ally resulted in lower recoveries (20–70%) compared with established processing
methods (65–90%). The major environmental challenge for ISL is containment
integrity in the target ore zone to protect adjacent groundwater. Containment is unre-
liable in some places, due to the existence of natural low-permeability zones and/or
by the hydrogeological management. Where ISL is possible, major environmental
benefits compared with conventional mining include reduced energy consumption,
near-elimination of waste rock and tailings, lessened land disturbance, reduced dust
and noise, and possibly lower water consumption. The variability of ISL recovery is
associated withminimal control of geometallurgical variables such as fragmentation,
aeration, and temperature. To overcome these deficiencies, an in situ mining (ISM)
method has been proposed, in which leaching and conventional underground mining
methods are integrated in an innovative way [13], such that ISL is applied to blasted
rock in a large stope developed using the sublevel stoping method. It is projected
that ISM will improve ISL recovery by providing better control of metallurgical
variables.

Farming-Based Strategies of High-tech and CRMs

The interest in metal recovery from secondary resources (e.g., metal-containing
soils) has increased following the increase in global demand for metals. In this
context, the research of phytomining, now called agromining, which is a feasible
superficial-contaminated remediation technique based on hyperaccumulator plants,
has been growing [14, 15]. Agromining is an integrated concept that aims to optimize



182 Y. Ghorbani et al.

ecosystem services of ultramafic regions at the landscape level after mining. Hyper-
accumulator plants have been extensively investigated and are capable of signifi-
cant bioaccumulation of heavy metals in their aerial parts, which are then harvested
and burnt to produce metal(loid)-enriched ash or “bio-ore.” The synergistic activity
between plants and microorganisms may contribute to soil management strategies
in natural metal-enriched soils. In a Ni-agromining framework, more than 400 Ni-
hyperaccumulators were identified and new tropical Ni hyperaccumulators were
discovered recently [16, and references therein]. It is considered a commercially
viable technique in the case of high-value elements such as Ni, Co, or Au [86]. Phyto-
mining has been advanced and optimized fromfield agronomy in bothNorthAmerica
and Albania to full metallurgical processes and carried to the pilot scale. Investiga-
tions are occurring for other metals, especially those with high added value (Ni, Mg,
P, K, Fe, and Mn), as well as REEs [17, 18]. The growing interest in this emerging
technology is echoed through the recent funding of two EU projects: Agronickel
and LIFE-Agromine, which aim to implement agromining at large scales, following
the “Agromine” project funded by the ANR (Agence Nationale de la Recherche) in
France.

A Move Toward Synchronized Process and Extractive
Metallurgy Dry Laboratories

Big data and artificial intelligence (AI) have the capacity to transform business
decision-making, by providing simultaneously more reliable and in-depth insights,
automating routine decisions and avoiding human decision fatigue. MnP is rich with
data, which is unfortunately siloed, ill-managed and ungoverned presently. However,
a proliferation of initiatives that produce complex data to improve plant performance
and metal recovery [19] means that the adoption of AI in MnP is inevitable. We
proposed the establishment of the dry lab, which in the MnP context is a labora-
tory that predominantly utilizes computational mathematical analyses through some
combination of forward- and inverse-modelling, including AI. Its focus is insight
generation and data analytics. Dry labs can provide the interdisciplinary innova-
tion space, data management and monetization opportunities for the development
of AI, such as smart tools to guide metallurgy. Actionable insights can be extracted
at various timescales and spatial scales and feedback to the MnP can occur in the
form of periodic optimization, synchronous data acquisition and real-time analytics,
predictive maintenance and long-term research and development [20].
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Future Potential Resources

Primary Resources

Advances in Deep Seabed Mining of CRMs

Traditional marine mining occurs in shallow waters, where heavy mineral sands
(e.g., Richards Bay mineral sand deposits, South Africa), phosphorite mining (e.g.,
New Zealand waters), and diamonds (e.g., marine diamond deposits, Namibia) are
dominant deposit types [21]. Explorations of nontraditional sources of CRMs in the
deep sea are mainly driven by the need for more CRMs [22]. Deep sea mining is a
process of extractingmineral deposits from the deep sea (~50% of the Earth’s surface
is ocean that is deeper than 200 m and could provide CRMs [23]. Some oceanic
geological features host important mineral deposits, such as massive (polymetallic)
sulfides around hydrothermal vents, cobalt-rich crusts on the flanks of seamounts and
fields of manganese (polymetallic) nodules on the abyssal plains. There is a growing
interest in for deep sea mining, especially in under-regulated international waters.
However, the target areas for future seabed mining are ecologically fragile. The
International SeabedAuthority (ISA)was formed in 1982 and is the current body that
is regulating human activities on the deep-sea floor beyond the continental shelf. The
ISA was established under Part XI of the United Nations Convention on the Law of
the Sea (UNCLOS) and it is an independent organisation based in Kingston, Jamaica
with a total of 167member states including theEuropeanUnion (International Seabed
Authority, 2012, 2013). In addition to ISA, the European Union has developed an
MIN-Guide initiative which is an online repository for information on minerals and
related policies for Member States. To date, the ISA has issued 27 contracts for
mineral exploration, each valid for 15 years from the date of issue, encompassing
a combined area of >1.4 million km2, and continues to develop rules for mining.
A total of 18 of these contracts are for exploration for polymetallic nodules in the
Clarion-Clipperton Fracture Zone (16 contracts) and Central Indian Ocean Basin and
Western Pacific Ocean (one contract each). There are seven contracts for exploration
of polymetallic sulphides in the South West Indian Ridge, Central Indian Ridge and
theMid-Atlantic Ridge and five contracts for exploration for cobalt-rich crusts in the
Western Pacific Ocean.

Remote Asteroid Mining of CRMs

In recent years, there has been a rising interest in mining resources on the Moon and
asteroids since our solar system is full of potentially economic CRMs [23]. Although
asteroid mining is an old idea, it is only recently that the technology and logistics
for such a mission have become borderline possible, particularly for the near-Earth
asteroids [24]. This is a unique opportunity for enhancing and developing a space



184 Y. Ghorbani et al.

economy, contributing also to the economic and social development of future gener-
ations. The current situation in space mining of CRMs and its forecast for the year
2025 is discussed byGarcia-del-Real et al. [25]. As a first step toward remote asteroid
mining, some universities have started graduate programs. For example, the space
resources program at the Colorado School of Mines is a multidisciplinary program
and was launched in 2018. This program focuses on developing core knowledge and
gaining design practices in systems for exploration, extraction, and use of resources
in the solar system.

Secondary Resources and Urban Mining

Problems associated with the primary extraction of various CRMs have made
secondary resources more attractive, which supports CRM sustainability. Secondary
streams including waste are some of the potential sources for the future supply
of CRM. To maximize the value from extracting CRMs from secondary streams,
hydrometallurgical processes should be designed to tolerate environmental contam-
ination, such as lead, cadmium, beryllium, brominated flame-retardants and even
hazardous materials. Solution-based processes such as SX and IX are unrefined
initial solutions and biological treatment of secondary streams might provide a low-
cost alternative for recovery of multiple CRMs from a single source. It is important
that early stage process design should consider the possibility of selective sorting
of CRM by-products to avoid further dilution. Contamination of primary products
should be minimized through incorporating sufficient intermediary stream-material
isolation/discharge stages. The USGS [26] estimates that almost 60% of annual
supply of vanadium is recovered from slags; about 20% from mining as a primary
product; and the remainder from secondary sources, including oil residues and fly
ash. The existence of ample vanadium-rich tailings and slags has made it possible to
selectively recover vanadium using a hybrid IX technology. The laboratory and pilot
scales have been proven by IONEX, a member of X Group Technologies, whom
demonstrated selective recovery of V2O5 at the 16.5 million metric tonnes EVRAZ
Highveld calcine residue stockpile in South Africa (X Group technologies, 2020;
Chris Grobler—March 2020, personal communication).

Summary and Outlook

Although it is impossible in general to predict the requirement of CRMs in the
future and particularly in the long term, the need for CRMs is unlikely to evapo-
rate as natural resource consumption has always been, and will continue to be, a
part of human culture, which evolves continuously but overall gradually. Moreover,
more RMs are likely to become CRMs internationally and geopolitical competition
would continue to intensify. Sustainability of CRMs has many facets that require
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critical examination, from political, cultural, socioeconomic, scientific, engineering
and technological, to environmental. Maximizing both primary production diversity
and efficiency, and the development of a circular economy via secondary streams
and recycling are unavoidable to address our needs. Innovations such as biological
leaching, in situ leaching; nontraditional sources such as deep sea and off-Earth
mining; secondary/waste streams and recycling from historical waste sources and
urban sources are some of the immediately foreseeable solutions to implementing
any notion of sustainability.
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Extraction of Rare Earth Metals: The
New Thermodynamic Considerations
Toward Process Hydrometallurgy
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Abstract Successful management of secondary waste resources is essential for the
viable circular economy. E-waste could serve as the potential urban mining source
for the alternative supply chain of critical metals such as rare earth elements (REEs).
The hydrometallurgical processes for REEs are mainly designed for primary mining.
Conventional approaches lack sustainability and the economic- and value chain-
based aspects that are significant in the current era with its increasing focus and
pressure to reduce environmental impact. We have performed thermodynamic calcu-
lations to simulate the solution chemistry behaviour of REEs, such as Neodymium
(Nd), Dysprosium (Dy), and Praseodymium (Pr) present in NdFeB magnets. The
results suggested that one could exploit the different solubility of these REE hydrox-
ides by controlling the pH value and separating the REEs further using extractive
processes. In contrast to primarymining, the use of appropriatewet chemistry, extrac-
tive conditions with selective ligands and supported liquid membrane methods with
secondary (urban) mining could open up more sustainable and economic recycling
of rare earth magnets with reduced environmental impact and direct scalability.
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Introduction

With the advent of efficient element detection and separation technologies,
humankind has gained access to smart minerals and raw materials. Their remarkable
and astonishing properties altered the technological landscape around the world. One
of the key raw materials behind this transformation is 15 lanthanides, along with Sc
and Y, rendering in a total of 17 rare earth elements (REEs) [1–5]. The applications
and thus the demand for REEs are continuously increasing. However, the primary
REE supply chain is associated with an enormous environmental impact due to harsh
mining, processing, and radioactive by-products [1, 2]. As the future involvement
of these raw materials in our day-to-day lives will increase, there will be increasing
piling up of these materials in the back-end waste streams [6–9]. E-wastes have
significantly limited recycling rates at the moment for several reasons (Fig. 1). With
the >10% annual growth rate, e-waste is potentially harmful to the environment and
making the cities and ecosystem unsustainable. Recent strategies view e-wastes as a
potential source of the required raw materials. This will also help to keep the REEs
in the ecosystem and can decrease the part of impact by decreasing the burden on
the front-end value chain [10, 11]. Currently, REEs-containing secondary products
are being assessed for their recycling potential.

Recent literature focuses on the recycling process developments for the end-of-life
fluorescent lamp powder and magnets e-wastes [10–12]. The attempts in new recy-
cling and process technology developments are often challenged by the complex
chemistry of lanthanides and similarities in physical and chemical behaviours.
However, the recycling sector has limited resources and capabilities to invest in such
developments. Therefore, it is necessary to develop economically viable recycling
approaches for REEs rapidly [10–12]. Recent reports have used simulation-based
approaches to either screen or develop new process steps/loops based on solution
chemistry or chromatographic separations of REEs. Such simulations minimize the
efforts and costs in process developments and can provide insights useful for the
overall process flow sheet developments [10, 13].

Fig. 1 Complexity and
reasons for the low recycling
rates of REEs. (Color figure
online)
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Process hydrometallurgy enables access to the rare metals from the original or
secondary resources such as mined ores or wastes, respectively. The hydromet-
allurgy of REEs is complex and requires highly acidic conditions. To remove
associated metallic and non-metallic impurities, it is necessary to dissolve such
matrices in mineral acids, such as nitric acid or hydrochloric acid. The thus obtained
complex feed-in solution is processed further using wet and extractive treatments to
concentrate pure REEs [12, 14].

In e-waste recycling, also solution chemistry is the key to achieve pure recycled
products. Recently, we reported a process to recycle REEs from end-of-life lamp
phosphor to produce single, >99% pure, Yttrium (Y), Europium (Eu), and Terbium
(Tb) [12, 15]. The process involved sequential digestion and selective extraction of
the REEs with a minimum number of purification steps and low cost for achieving
these recycled REEs. Such solution chemistry approach can also be adopted for the
purification of Nd, Dy, and Pr from magnet e-waste feeds. However, cost-effective
material processing and chemical treatment can be guided and assessed utilizing
aqueous speciation simulation of the processing conditions.

With the recycling of NdFeB magnets in mind, the present study reports and
discusses simulation results for adjustable conditions in aqueous multi-REE solu-
tions. We have tested the capabilities of the simulations using the tool involving
the electrolytes thermodynamics, process calculations in aqueous and multicompo-
nent solution conditions. The findings reaffirmed that the slightly different solution
chemistry behaviours of different REEs could play a vital role to separate them
from each other in waste (or any other complex feed) solution with the use of rela-
tively cheap chemicals, hence, low costs. In particular, it is inferred here that with
mineral acid-leached magnet solutions, Neodymium (Nd), Dysprosium (Dy), and
Praseodymium (Pr) could be separated from each other to a large extent as they
precipitate as hydroxide REE(OH)3 species at very different pH values. This was
simulated for surrogate REE mixture solutions with a mixture composition similar
to that of real-magnet waste.

Experimental

Simulation Method and Software

The solution chemistry study presented in the current article was done with the OLI
software (version 10.0, Studio and ESP packages [13]). The proportionate amount
of Nd, Dy, and Pr with real-magnet e-waste of 85% Nd, 14% Dy, and 1% Pr [11]
was defined in the software with a total REE concentration of 3 mol per litre as input
(feed) solution. In the simulation, the anion form with the input solutions was either
nitrate or chloride. The concentration of the NaOH added to the input solutions is
the variable quantity in the calculation, ranging between 0 and 12 mol/L NaOH.
The output results as a function of the NaOH concentration were the pH value, the
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REE-specific speciation in terms of trivalent and other ionic species in the aqueous
phase (“Aq”), and that of solid REE hydroxides (which are the targets of interest).
Unfortunately, the software database system does not have comprehensive data of
the Dy(OH)3 solid phase. Noteworthy, Nd has the atomic number (AN) of 60 with
the periodic system, and Pr has AN = 59. They are both considered as “lighter
lanthanides,” whereas Dy (AN = 66) is a “heavier” lanthanide [15]. Therefore, the
fate of the “Dy(OH)3 solid” phase is deduced here by focusing on the “Er(OH)3
solid” with Erbium (Er; AN = 68) (due to database availability), which is a close
and higher lanthanide neighbour to Dy. In another magnet-representing simulation,
the run was performed with Pr and Nd, but with Er instead of Dy. In future work, the
solubility behaviour of the “Dy(OH)3 solid” will be determined experimentally and
will be implemented with the software database.

Results and Discussion

Different Solution Systems Containing REEs

Wehave simulated the solution conditions of the REEs for amixture ratio resembling
the REE composition of spent NdFeB magnets with an Nd:Dy:Pr = 85:14:1 mol
ratio [11]. In another simulation run, Er was included as heavy lanthanide element
instead of Dy. As input, we defined a wholly dissolved solution, with either nitrate or
chloride as the anion. The speciation runs were varied as a function of the molarity
(mol/L) of NaOH thought to be added in stepwise increased amounts to the surrogate
magnet solutions. The speciation results in the nitrate and chloride medium without
the addition of NaOH differed in that with nitrate (Fig. 2a) the REE(NO3)2+ form
prevailed in the aqueous phase but with chloride (Fig. 3a) the trivalent REE3+ cations.
Because of this, the amount of trivalent REE cations available in the chloridemedium
is somewhat larger than with the nitrate medium.

In bothmedia, the identified zones (I–IV) can be exploited for the preconcentration
of theREEs of interest as follows:With Fig. 2, Nd could be precipitated preferentially
as “Nd(OH)3 solid” in Zone I. The precipitation of Dy could follow it as secondmetal
after adding only 4.5 mol/L of NaOH in nitrate conditions, or, 4 mol/L of NaOH in
chloride conditions to the feed solution. Therefore, a mixture of solid Nd and Dy
hydroxides without Pr content could be achieved preferentially in Zone II, and a
mixture of solid Nd, Pr, and Dy hydroxides could co-exist together in Zone III.
Focusing with Figs. 2b and 3b on Er, it shows an “Er(OH)3 solid” phase builds up
to nearly 100% with increasing alkalinity in Zone III, but also that it decreases after
that due to re-dissolution in the solid into the anionic form of erbium tetrahydroxide,
Er(OH)–4. Also noteworthy is that Dy and Er both show very similar courses for
the REE(OH)–4 species as a function of the NaOH concentration, except that they
are shifted from each other on the alkalinity scale. With Dy, the incomplete set of
species (because “Dy(OH)3 solid” is not available), leads to “second best” results in
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the calculated amount of one (or more) species is overestimated to comply with the
total mass balance condition set by the input data. The most likely candidate here
is that of “Dy(OH)3 Aq,” in which Figs. 2b and 3b both show a very rapid decline
when going from Zone III to Zone IV. In analogy to the fate of the “Er(OH)3 solid,”
the declining amount of the “Dy(OH)3 Aq” species may thus portray a partwise or
complete re-dissolution of the “Dy(OH)3 solid.” From the coincidence of results with
Dy and Er, it is anticipated here that in Zone IV (Figs. 2b and 3b), “Dy(OH)−4 Aq”
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could also be separated as a soluble species, leaving the stable Nd and Pr hydroxide
behind.

Significance of the Simulated Chemistry to the REE Recycling
from Magnets

The simulation results clearly demonstrate the usefulness of the fine-tuning of solu-
tion conditions to achieve the pre-concentration of the valuable and strategic REEs,
such asNd, Dy, and Pr. Such informationwill also help to avoid excess use of alkaline
or acidic solutions and lower the costs and environmental impact. The preconcen-
trated and less complexmixtures could be separated in a relatively affordable manner
and process conditions after that, e.g. by employing extractive, chromatographic, or
membrane techniques to make the overall recycling strategy realistic and viable.

Conclusions

We have applied electrolyte thermodynamic-based simulation software to the
complex solution chemistry of REEs present in NdFeB magnet waste. The solu-
tion conditions chosen in the present study are essential to feed streams in primary
mining as well as in recycling processes. The simulation results showed that there is
an opportunity to separate Nd, Pr, and Dy from each other with the help of a care-
fully tuned precipitation approach based on the addition of sodium hydroxide to the
magnet e-waste feed solution. In contrast to conventional approaches, it would allow
avoiding excessive use of chemicals for achieving an improved pre-concentration (by
precipitations) and pre-purification of the targeted REEs with few costs and reducing
the environmental impacts.
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Developing Feasible Processes
for the Total Recycling of WEEE
to Recover Rare Metals

Jae-chun Lee, Manis Kumar Jha, Rekha Panda, Pankaj Kumar Choubey,
Archana Kumari, and Tai Gyun Kim

Abstract The present paper reports several application-oriented processes devel-
oped for the recovery of various non-ferrous (Cu, Ni, Al, Pb, Sn), rare (Li, Co, In),
precious (Au, Ag, Pt, and Pd), and rare earth metals (Nd, Ce, La, Y, Eu) from various
urban ores, i.e., waste electrical and electronic equipments (WEEE), liquid crystal
displays (LCD), batteries, magnets, fluorescent tubes, etc. Initially, the WEEE and
various wastes were classified and dismantled. Further, the materials were pretreated
to separate plastics, epoxy, ceramics, rubber, iron cover, and metallic concentrates.
Based on their properties, plastic, epoxy and rubber could be either pyrolysed for
production of marketable low-density oil and saleable activated carbon or directly
recycled. The pre-treated metallic concentrates were processed by hydrometallur-
gical techniques, i.e., leaching, solvent extraction, ion-exchange, electro-winning for
maximum recovery of metals. Various flow sheets discussed for rare metal extraction
and processing strictly comply with environmental regulations.

Keywords Rare metals · E-waste · Recycling · Hydrometallurgy

Introduction

Nowadays, lots of electrical and electronic wastes (e-waste) are being generated with
alarming rate worldwide and around 80% of the valuables present in these wastes
end up in landfills. Although, strict regulations are being imposed by government in
many countries for proper treatment of these electronic scraps but only 20% of that
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is being recycled in an organized manner. In developing countries, lack of proper
collection system, illegal recycling by unorganized sector as well as lack of cost-
effective simple technology for processing e-waste, adversely affect the environment.
Therefore, a feasible technology with minimum environmental impact is required
for the recovery of metals from such scraps. Recycling is the imperative solution
to the growing e-waste problem and it has become a significant economic activity.
Major fraction of e-waste constitutes personal computers, mobile phones, batteries,
magnets, fluorescent tubes, etc. PCBs of personal computers contain Cu, Ni, Sn,
Pb, and precious metals; however, mobile phone PCBs/connectors contain metals of
economic interest mainly the precious metals(Au, Ag, Pt, Pd) and Cu. The magnets
present in various electronic goods contain Nd (rare earth) whereas the lithium-ion
batteries (LIBs) is composed of rare and strategic metals such as Co, Li, Ni, etc.,
which should be recovered in an eco-friendly manner.

The conventional technology for the recycling of e-waste has been based on the
pyrometallurgical process, which has the advantage of accepting any physical form
of e-waste. However, it is associated with certain drawbacks such as a long-term
recovery options, air pollution, and loss of the noble metals with low recovery of
criticalmetals.Accordingly, in recent years,wehavemade concerted effort to develop
the hydrometallurgical routes for the total recycling of metallic and other compo-
nents from a variety of e-wastes. The total recycling of e-waste particularly requires
elaborate mechanical pretreatment including the pyrolysis as well as the chemical
processing because of the complicated structures and compositions, whereas for
the selective recovery of metals, chemical leaching followed by advanced sepa-
ration techniques viz., solvent extraction/ion-exchange techniques are considered
appropriate. Thus the present research reports various novel, feasible, and scientif-
ically validated hybrid pyro-, chemical-, and hydro-metallurgical processes devel-
oped for the total recycling of metal values such as rare, rare earths, and precious
and non-ferrous metals from a variety of e-wastes.

Pre-treatment of E-waste

E-waste is mixture of plastics, epoxy resins, ceramics, and metals requires pre-
treatment prior to the hydrometallurgical processing. Initially, the e-wastes are
dismantled, classified, and pre-treated to collect/remove metals present in it. Direct
leaching of e-waste coated or encapsulated with plastics and ceramics rarely
accomplishes effective extraction of valuable metals. Thus, metallic fractions have
to be liberated from the non-metallic parts (plastics and ceramic, epoxy, etc.)
before hydrometallurgical treatment.Methods ofmechanical pre-treatment/chemical
processes, i.e., organic swelling [1], pyrolysis [2, 3], etc. used for pre-treatment of
e-waste have been described below.
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Fig. 1 Mechanical pre-treatment of e-waste to get enriched metallic values [4]

Mechanical Pre-treatment of E-waste

All e-waste contains PCBs, which are made up of various materials and metals.
Kumar et al. (2013) developed a mechanical beneficiation route to process the PCBs
present in e-waste in eco-friendly manner to get metallic concentrates for further
processing (Fig. 1). The separation of material mainly depends on the distribution
of metallic and non-metallic fractions and their liberation size due to their phys-
ical properties. The experimental data showed the enrichment of metals in coarser
particles (−1000 + 150 µm) and non-metals in the finer particles <150 µm size
following pneumatic separation and froth flotation process. In this case, recovery
achieved was 75% with a grade of 88% on applying froth flotation. Simultaneously,
lower grade of ~75% with ~65% recovery was obtained using pneumatic separation
with <1500 µm powder. Finally, the grade of metals in average obtained was ~88%
by controlling the feed charge and rate of air flow during pneumatic separation. The
concentration of rare metals presents in the different fractions varying from 1.88% to
4.18% was enriched up to 9% using this beneficiation technique [4]. The developed
process contributes to enrichment and the recovery of various metals like Cu, Al, Fe,
Zn, Pb, Sn, rare metals, etc. Advantage of this process is the high metal recovery and
directed towards the alternative metal resources from e-waste.

Chemical Pre-treatment of E-waste

The mechanical pre-treatment of PCBs is not effective in some cases, due to the lack
of feasible milling devices. In order to address such bottle-necks, the feasible milling
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Fig. 2 Process flowsheet to extract metals from the chemically pre-treated e-waste [1]

technique for PCBs was explored. Jha et al. [1] reported a bench-scale laboratory
test using an organic to liberate the layer of metals from the PCBs without using
any mechanical pre-treatment. Several thin layers of metals from the swelled PCBs
were effectively separated leaving solder metals on the surface of the liberated epoxy
resin [1]. The samples were processed as per the novel organic-treatment technique
developed in our group. In this pre-treatment, the depopulated PCBs were sized into
7 cm × 7 cm and then dipped in a glass container containing the swelling organic.
The container having cut PCBs and organic was heated and save for overnight. The
outermost layer of PCBs containing soldering metals was removed after separating
the swollen material, as presented in Fig. 2, and the thin layer of metal sheets encap-
sulated by resins was removed one by one. The sheets were dried after washing
with hot water to remove the entrapped organic. Sheets were then sized further to
~0.5–0.7 cm and 0.5 mm thick, which contained 74.76% Cu, 0.48% Pb, and 0.52%
Sn.

Pyrolysis of E-waste

Pyrolysis is a thermal treatment process, where the organicmaterials are decomposed
to lowmolecular weight products of liquids or gases that can be used as fuel while the
inorganic components containing metals and glass fibers are separated. Kumari et al.
[2] and [3] developed processes for pyrolysis of the depopulated PCBs of e-waste in
a vacuum pyrolysis device, where the evolved gases were collected and condensed
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to be reused as a fuel. The pyrolysed PCBs were further beneficiated to separate
the metallic content from the burnt epoxies (Fig. 3). The separated metallic content
was further screened to get low metal concentrate of size <2 mm size, which was
generally lost with the carbon ash. This low metal concentrate (small fraction) is
focused here for the recovery of base metals.

The typical chemical analysis of low metal concentrate obtained in our studies
showed the presence 34.26% Cu, 2.45% Fe, 0.43% Ni, 1.11% Pb along with negli-
gible amount of several metals and ~45% of burned non-metal carbon. In order to
recover metals from the pyrolysed sample, it was physically beneficiated to separate
the metallic’s from the non-metallic fraction. The sample received was screened and
it was observed that the concentrate possessing >2 mm size contained ~65% metals
along with polymers/epoxies, while ~45% carbonic ash along with ~38% metallic
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Fig. 3 Process flow-sheet to extract metals from pyrolysed PCBs [2, 3]
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content and some plastic parts were separated in <2 mm size. Hydrometallurgical
techniquewas further used to recover/separate metals from the lowmetal concentrate
of pyrolysed PCBs [2, 3].

Hydrometallurgical Processes Developed for the Recovery
of Metals from E-waste

Leaching of Pre-treated E-waste

Leaching process is employed for the selective extraction of metals after pre-
treatment with application of different leachants viz. acidic, alkaline, and neutral
type depending on the nature of the material to be leached, and the presence of
other impurities which may affect the leaching process (Fig. 4). Mixed leachants
of acidic/alkaline or acidic/salt may also be employed to investigate the leaching
behaviour of metals. Jha et al. [5] carried out leaching studies to study the dissolu-
tion behaviour of various metals from PCBs with different acids viz. H2SO4, HCl,
and HNO3.

E-waste

Dismantling/ Classification/ 
Physical pre-treatment/ Pyrolysis

Leaching 
Atmospheric/ Pressure

S/L separation

Solvent extraction/ Ion-exchange

 Selective stripping/ elution

Raffinate

metal 
solution

Extractant/ resin

Acid

Fig. 4 Hydrometallurgical recovery of metals from e-waste
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Sulfuric acid was not found to be a suitable reagent for the leaching of metals
from PCBs even at elevated temperature and high concentration. Hydrochloric acid
was also not suitable for the dissolution of copper; however, the dissolution of Sn
was found to be satisfactory. Nitric acid was found to be a suitable reagent for the
dissolution of most of the metals. The Fe and Ni present in the PCBs dissolved
easily within 10 min of contact time, whereas 38% Pb leached out in 40 min. The
dissolution of Sn was very poor with nitric acid even at high temperature with 6.0 M
HNO3 at S/L ratio 100 g/L and 90 °C. Around 99.99% Cu, Fe, and Ni were found
to be leached along with 36.66% Pb. The NOx gas generated during leaching was
absorbed in a suitable scrubbing solution. Further leach liquorwas purified by solvent
extraction, and from the purified solutions, salt/metals were obtained using suitable
hydrometallurgical techniques [5].

Another hydrometallurgical recycling process forwaste PCBswas also developed,
which involved the novel pre-treatment consisting of organic swelling of PCBs to
liberate thin layers of metals followed by sulfuric acid leaching of the metals so
liberated. Leaching studies were performed for the recovery of Cu from the crushed
and organic swelled liberated metals using sulfuric acid in the presence of hydrogen
peroxide under atmospheric and pressure conditions [1]. The percentage recovery
of copper was found to be 97.01% with addition of 15% (v/v) hydrogen peroxide
keeping solid to liquid constant at 30 g/L. Jha et al. [6] and [7] also reported selective
leaching of Pb (99.99%) from the liberated epoxy resin of waste PCBs using 0.2 M
HNO3 at 90 °C whereas 97.79% Sn was leached out from swelled and liberated
epoxy resin using 4.5 M HCl at 90 °C in 60 min mixing time [6, 7].

Recovery of Metals from Leach Liquor of Metallic Concentrate

The solvent extraction (SX) processes were developed by Jha et al. [19] for the
removal/recovery of hazardous metals from the complex leach liquor of electronic
scraps following by recovery of valuable metals. As the leach solution of e-scraps
contains variousmetallic constituents such asFe,Cu,Zn,Cd, andNi, different organic
extractants viz. LIX 84, DEHPA, Ionquest 801, Cyanex 272, Cyanex 923, Cyanex
302, etc. diluted in kerosene have been used for metal separation and recovery. The
solvent was modified with isodecanol to improve the phase separation. In order to
extract Cu from the sulfate solution in continuous mode in MSU, basic studies have
been made for the copper extraction at different pH, extraction isotherms, A/O ratio
etc. using 5.0%LIX84diluted in kerosene.Resultswere validated inmixer settler unit
(MSU—having 620 mL mixing and 860 mL settling capacity) maintaining specific
leach solution flow rate andA/O ratio. The results showed almost complete extraction
(~97%) of Cu in three stages leaving minor metals Zn, Cd, and Ni in raffinate. The
loaded Cu was completely stripped after scrubbing of minor metals using water with
diluted sulfuric acid in two stages.

After extracting Cu, the SX study was carried out for the separation of Zn, Cd,
and Ni from sulfate solution using different extractants. DEHPA (v/v) was found to
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be suitable for extraction of metals in comparison to Cyanex 923 and Cyanex 272
and the order of extraction with pH was found to be in the following sequence Zn >
Cd > Ni. The kinetics of extraction showed that the equilibrium extraction of both
Zn and Cd was attained in 2 min. The results showed the increase in Zn extraction
at above 2.5pH. Cd was totally extracted even at lower pH without extracting Ni.
The stripping of loaded Zn was carried out with 1.0% sulfuric acid at A/O ratio 1/1
maintaining a contact time of 5 min at room temperature whereas loaded Cd was
effectively stripped with 10% hydrochloric acid at A/O ratio 1/1 [8].

Recovery of Metals from LIBs

Mobile phones constitute one of the major fractions of e-waste. These mobile phones
consist of lithium ion batteries (LIBs), which are made up of rare and strategic metals
such as Co, Li, Mn, Cu, Ni, Al, etc. These LIBs composed of an anode, a cathode, a
separator, and an electrolyte. The black cathodicmaterial present in the LIBs contains
higher amount of Co (~20 wt% of LIBs) along withMn, Li, Cu, Al, etc. The presence
of ample metals in these discarded batteries has made their recycling very essential
to not only cope up with the metals supply but also to comply with the regulations
for the disposal of the used batteries. In view of the above, a hydrometallurgical
flowsheet has been developed by Jha et al. [9, 10], and Dutta et al. [11] for recycling
of spent LIBs to recover rare and strategic metals. Initially, the LIBs were crushed in
a scutter crusher followed by physical beneficiation to separate themetallic fractions,
plastics, and black cathodic powder [9–11].

Leaching ofmetals was carried out from the black cathodicmaterial using suitable
lixiviant at optimized conditions to dissolve maximum metals. The obtained leach
liquor was further purified using precipitation followed by solvent extraction tech-
nique. Initially, the pH of the solution was maintained at 1.5 using sodium hypochlo-
rite with constant stirring for 1 h in order to precipitate out Mn. This procedure was
repeated thrice for complete removal of Mn. The leach liquor free fromMn was then
mixed with 10% LIX 84IC maintaining O/A ratio 1:1 for 5 min to make the solution
free from Cu, Fe, and Ni. It was found that ~99% Cu, Ni, and Fe were extracted in
two stages at pH 4.5. Further, the loaded LIX 84IC was stripped using 10% H2SO4

to get the respective metal solution. Now, the leach liquor containing Co and Li was
evaporated to increase the concentration of the metal ions in the solution. Reduced
leach liquor containing Co and Li was again treated with 20% Cyanex 272 diluted
in kerosene for 10 min maintaining O/A ratio 1:1. It was observed that at pH ~ 5,
98% Co was extracted leaving Li in the raffinate in two stages. The loaded Cyanex
272 was stripped thrice using 10% H2SO4 for complete back-extraction of Co from
the loaded organic. Thus, 99% pure cobalt solution was obtained at above-described
condition which can be further evaporated or electro-won to get Co salt or metal
sheet, respectively. The raffinate containing Li was evaporated to get Li salt. The
developed process flowsheet for recycling of spent LIBs to recover rare and strategic
metals is presented in Fig. 5.
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Fig. 5 Process flowsheet to extract metals from the black cathodic material of Li-ion batteries
[9–11]

Recovery of Precious Metals from E-waste

A hydrometallurgical process has also been developed by Panda et al. [12] for the
extraction of precious metals (Au, Ag, Pd, and Pt) from the e-waste. Initially, the e-
waste was dismantled and depopulated to liberate all parts. Further, classification of
parts containingpreciousmetalswas carried out. Theparts containingpreciousmetals
were pretreated and physically beneficiated to get enriched metallic concentrate.
Leaching of the metallic concentrate was carried out in a suitable lixiviant to get
the precious metals into solution. The leach liquor obtained was further processed
using standard separation techniques (solvent extraction/ion-exchange, precipitation,
etc.) to get purified solutions of individual precious metals [12]. From the purified
solutions, value-added marketable products of precious metals could be obtained
using the method of evaporation/electrowinning techniques. The flowsheet to extract
precious metals from e-waste is presented in Fig. 6.

Recovery of Metals from Scrap LCD Panels

Indium (In) is being widely used as indium tin oxide (ITO) on the glass substrate of
the LCD (liquid crystal display) panel [13–15]. About 70–80% In is used in the LCD
panel of different electronic goods but due to technological advancement, the lifespan
of such electronic goods is decreasing day by day,which has resulted in the generation
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Fig. 6 Process flowsheet to extract precious metals from e-waste [12]

ofmassive amount of LCD panels [16]. In this regard, a hydrometallurgical flowsheet
has been developed by Choubey et al. [17] to recover the indium from discarded LCD
panels. Initially, the monitors of personal computers were dismantled to separate the
LCD panels. Further, the LCD panels were pulverized and physically beneficiated
to get enriched metallic fraction. Selective leaching of In was carried out from the
metallic concentrate using different minerals acids [17]. Almost ~94.1, 93.8, and
93.2% In were leached using 1.0M solution of HCl, H2SO4, and HNO3, respectively
at 60 °C in a reaction time of 75 min. Further, ion-exchange studies were carried
out to selectively adsorb In from the leach liquor using Indion BSR resin. About
99.2% In got adsorbed onto the resin at pH ~ 1.7 in contact time of 60 min. Elution
of the loaded resin was achieved using diluted H2SO4 in five consecutive contacts
of 10 min each. From the purified solution of In, salt or metal could be produced by
evaporation/electrowinning method. The complete process flowsheet is presented in
Fig. 7.
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Personal Computer Disassembling & Dismantling

LCD panels

Beneficiation

LeachingMinerals Acid

Leach liquor

Ion-Exchange
Resin

Pure In solution

Fig. 7 Process flowsheet for the recovery of In from scrap LCD panels of personal computers [17]

Recovery of Metals from Magnets and Tube Lights

E-waste can serve to be a potential source for REMs alongwith other valuablemetals.
About 25–30 wt% of Nd is found to be present in permanent magnets of computer
hard disk whereas significant amount of Eu and Y is present in the phosphor powder
of tube lights. Hydrometallurgical process has been developed by Kumari et al. [18]
for the recycling of scrap magnets to extract Nd, the rare earth metal. Initially, the
Nd–Fe–B magnets were demagnetized, crushed, and charged to a chemical leaching
reactor. About ~99.99% Nd was leached along with Fe using 1.0 M H2SO4 at room
temperature in a reaction time of 90 min and 50 g/L pulp density. The leach liquor
obtained was subjected to acid extraction using organic extractant TEHA diluted in
kerosene for 10 min and O/A ratio 2:1. Precipitation of Nd was carried out from the
acid-free leach at pH 1.65 using ammonia solution. The Fe present in the solution
was also recovered at pH above 3 [18]. Another flowsheet has also been worked out
for the selective separation of Europium (Eu) andYttrium (Y) from phosphor powder
of obsolete tubelights leaving other REMs and impurities in the residue. Phosphor
powder obtained from the scrap tubelights was analyzed and found to contain five
REMs (2–8% La, 2–10% Ce, 0.5–5% Tb, 0.5–5% Eu, and 10–30% Y) with other
metals like Calcium, Aluminum, etc. Depending on the composition of phosphor
powder leaching was carried out using suitable lixiviant followed by recovery of
REMs from the leach liquor using solvent extraction technique [19].



208 J. Lee et al.

Conclusion

Varieties of E-wastes are the potential alternative resources to recover rare, rare earth,
precious and valuable non-ferrous metals by using the developed hydrometallurgical
processes flowsheets, which will conserve the natural resources, save the energy as
well as make the environment cleaner and pollution free. Most of these resources
can be treated by such approaches while designing treatment steps appropriately
to achieve the optimum results with respect to process efficiency with high metal
recovery, products in desired forms, and purity.
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Rare Earth Elements Extraction
from Coal Waste Using a Biooxidation
Approach

Prashant K. Sarswat, Zongliang Zhang, and Michael L. Free

Abstract Rare earth elements (REE) are moderately abundant and are presently
extracted from limited resources of monazite, bastnaesite, and loparite minerals and
ionic clays. Other potential sources include large coal resources in active coal mines
and existing coal waste dumps. A technology has been proposed and demonstrated
that can be used to deliver clean coal for the market as well as REE-bearing non-coal
material that is concentrated in REE content and suitably sized for heap leaching.
Additionally, a separate stream of concentrated sulfide minerals can be produced
from mid to high sulfur coals suitable for the bio-oxidation production of a lixi-
viant suitable for leaching REE from the non-coal rock in a heap leach setting. The
removal of the sulfide minerals cleans the coal, accelerates subsequent REE extrac-
tion, and eliminates the future potential for acid-rock drainage. For cost-effective
enhanced leaching, bio-oxidation has been used that has been applied to coal-based
materials. During bioleaching, Fe3+ ions generated from bioleaching oxidize sulfide
minerals such as pyrite, and subsequent production of acid. These two species (acid
and Fe3+ ions) are key drivers for REEs dissolution, as well as residual sulfides
removal, thereby controlling future acid mine drainage and related liabilities. This
paper discusses some associated results acquired for the proposed process.

Keywords Rare earths · Coal refuse · Bioleaching

Introduction

The REE resources in coal-related materials are vast. Assuming a coal production
rate of 544 Mt/year with an average REE content of 200 ppm, the potential REE
production rate is 109,000 t/year, which is a large fraction of the annual global
production ofREE.Most of those coal-relatedREE resources are found in association
with the gangue or ash-based content of the coal ore. In the current research, the
authors have identified at least four separate coal resource samples from various coal
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Table 1 Mass mean size of coal refuse samples

CR-A CR-B CR-C1 CR-C2 CR-D1 CR-D2

Mass mean size (mm) 14.1 11.1 12.9 12.9 12.4 13.6

basins that are targeted to meet a 300 ppmREEminimum feedstock level. These four
sites, and other sites operating in similar coal seams, were prioritized in an earlier site
identification phase and are located inVirginia, Pennsylvania, andWest Virginia. The
coal waste samples were hydrometallurgically tested in order to recover rare earth
elements.

Coal Ore Samples Crushing, Splitting, and Screening
Process

The acquisition of coal refuse samples from the four prioritized sites was completed
using automated cross belt samplers following appropriate ASTM protocols [1].
After receiving the coal waste samples, all samples were prepared using a standard-
ized crushing, splitting, and screening process. Samples occupying multiple barrels
were first homogenized, and, each sample was next crushed to−1 in. [1]. Following
the initial crushing, several representative splits of each sample were obtained for
preliminary testing and characterization, while the remaining −1-in. material was
sealed and stored. The representative splits were obtained by repeatedly coning and
quartering each barrel sized sample. One representative split of each sample (approx-
imately 3–4 kg)was used for size and ash-by-size analysis. Ashwas determined using
a LECO 701, and the sieve sizes used in the size analysis included: 1”, ½”, ¼”, and
6 meshes. The coarse sizing distribution data (−1 in.) were further assessed using
the Gates–Gaudin–Schuhmann equation [2]. Table 1 summarizes the measurement
of sizes for different samples.

Leaching

Leaching [3] tests (see details in next paragraph) and digestion tests were conducted
for the six samples (see Table 1). As well as leaching tests, digestion tests [4] were
conducted using aqua regia followed by ICP analysis after dilution [5] to determine
the total REE content. It can be seen that the content of Pr was highest among all
REEs in each of the coal waste samples (see Fig. 1). Ce was found in some of the
samples and the content was highest for CR-C1 (~6 ppm of coal waste).

For leaching these coal waste samples, the authors used 10 g/l ferric sulfate solu-
tion in water using 30 wt% coal waste in the leach slurry. Most of the experiments
were conducted at a temperature of ~30 °C. The slurry was continuously stirred for
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Fig. 1 Rare earth elemental analyses of coal waste sample acquired (see Table 1 for sample details).
(Color figure online)

105 h. The pHwas adjusted to ~1.5 after every 8 h using sulfuric acid. It was observed
that acid consumption (over 25 h duration) was highest for the CR-A sample(~31 kg/t
of coal waste), although during the initial leaching period of 12 h the consumption
was similar for each sample. Acid consumption was lowest (over 25 h duration) for
CR-B sample (16 kg/t of coal waste). It was also observed that final pH was highest
for CR-A sample (pH = 1.98). Note that the mass mean particle size was highest
for CR-A coal waste sample, which could explain the relatively high acid consump-
tion. The sulfur content for CR-A sample was also lowest (~0.12%). After leaching,
elemental analysis was performed on the solutions using ICP that suggested that the
recovery of Pr was higher than other REEs.

Bioleaching

Bioleaching or bio-oxidation is one of the less expensive methods among several
methods of leaching [1]. In case of metal extraction, most of the microbial oxida-
tions are based on chemical degradation that is enhanced and supported by activity of
microorganism. A representative example in present context is the bacterial oxida-
tion of Fe2+ ions to Fe3+ ions, followed by the Fe3+ ions oxidizing minerals to
dissolve metals. Hence, bio-oxidation is often indirectly conducted by the supply
of oxidant provided by the microorganisms. In case of indirect bioleaching of
sulfide minerals, dissolution can be controlled to favor the production of elemental
sulfur or sulfate/sulfuric acid. Although the most common method of accelerated
leaching using bacteria involves ferrous ion oxidation, there is significant evidence
that microorganisms also enhance leaching by oxidizing elemental sulfur. Pyrite
leaching is limited by a combination of microbial activity, cell population density,
mass transport, and electrochemical kinetics. A common reaction for pyrite leaching
where ferric ions formed during bio-oxidation are instrumental in oxidizing pyrite
(which produces acids), can be written as [1]:
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8H2O+ FeS2 + 14Fe3+ = 15Fe2+ + 2SO2−
4 + 16H+

Both Fe3+ ions and acidic media are useful for REEs dissolution, just as for
evacuating lingering sulfides, consequently forestalling future corrosive mine waste
and related concern. The most microorganisms associated with mineral bioleaching
are Acidithiobacillus acidophilus, Acidithiobacillus thiooxidans, Leptospirillum
ferrooxidans, Acidithiobacillus ferrooxidans, and Sulfolobus-like bacteria. In our
case, for leaching operation, a 9K medium was supplied in every 3 h with a flow rate
equivalent to a 7.5-day reactor (1000 ml) residence time. Additional tests have been
conducted using daily input of pure pyrite is 15 g and the resident time of solution in
the bioreactor is 5 days. The pH of the effluent solution is about 1.3 with a Fe2(SO4)3
concentration of about 10 g/L. In this case, we achieve ~4000 ppb of total rare earth
elements concentration at the end of ~40 h of leaching. Note that bio-leaching to get
concentrated rare earth elements in solution is underway—in the present paper, we
just show the extraction feasibility from a ferric sulfate leached solution where the
initial concentration of rare earth elements was in the range of 5–50 ppm.

Solvent Extraction of Pregnant Solution from Sample CR-A

For solvent extraction, the authors used di-(2-ethylhexyl) phosphoric acid (D2EHPA)
[6].A typical solvent extractant (SX) contains 10%D2EHPA inkerosene.The authors
used 10 mL of 10% DEHPA organic to contact 30 mL of leach solution with mixing
performed until a condition of equilibrium using a shaker (300 rpm).

The University of Utah team performed precipitation tests on strip solution from
the CR-A sample. The pH value was adjusted to 3.75 using 1.0MNaOH solution and
was maintained for ~12 h with continuous stirring to remove iron. Once precipitation
was completed, filtration was performed. It can be seen (see Fig. 2) that precipitate
color is yellow-orange, that indicates a significant presence of the iron in sample.

Precipitation

Precipitation tests have been performed for the solutions that were collected from
each column after appropriate time of leaching. In one case, precipitation test was
conducted using magnesium carbonate while in different test sodium carbonate was
used. It was noted that the key relevant species for rare earth elements and iron in the
acidic sulfate-based solutions used for leaching are the soluble sulfate complexes such
as FeSO4

+, DySO4
+, etc. and the dissolved metal ions such as Fe3+, Dy3+, etc. Visual

Minteq assisted speciation diagram (fraction of total element vs. pH) indicates that
most of the iron get precipitated for pH greater than 4.0. These precipitation events
can be helpful in selectively removing iron compounds such as goethite, ferrihydrite,
jarosite, hematite, and magnetite. The saturation index-based calculations show that
hematite begins to precipitate at about pH 2when there is an equal ratio of ferrous and
ferric iron in solution,whereas the pHdecreases to about 1.8when the ratio of ferric to
ferrous iron is increased to 94% ferric iron and 6% ferrous iron.Our precipitation tests
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Fig. 2 Image of leached
CR-A sample. a After
precipitation and b filter
cake. (Color figure online)

(conducted using technique of pH adjustment by adding magnesium carbonate or
calcium hydroxide) indicate that most of the precipitation occurs at up to pH ~3.82 or
pH ~5.50 for the case of magnesium carbonate or calcium hydroxide, respectively, in
room temperature condition. However, when temperature increases, the precipitation
occurs even at lower pH for both cases. The precipitate that formed was analyzed to
determine if rare earth elements were precipitated and to determine the compound
that formed. Inductively Coupled Plasma Mass Spectroscopy (ICP-MS) analysis of
the dissolved precipitate indicated that the rare earth content was ~2.9 ppm, hence
additional tests have been conducted to recover most of the REEs in solution.

Summary

The authors have examined coal-based resources to determine their potential to yield
rare earth elements. The coalwaste sampleswere prepared after appropriate crushing,
grinding, sizing, and splitting steps then analyzed for REE content and leached in a
ferric sulphate solution. The results suggest that REEs, most notably praseodymium
(Pr), can be extracted from selected coal waste samples. The REEs were recovered
after leaching, solvent extraction, and precipitation steps.
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Scandium Extraction from Bauxite
Residue Using Sulfuric Acid
and a Composite Extractant-Enhanced
Ion-Exchange Polymer Resin

Efthymios Balomenos, Ghazaleh Nazari, Panagiotis Davris,
Gomer Abrenica, Anastasia Pilihou, Eleni Mikeli, Dimitrios Panias,
Shailesh Patkar, and Wen-Qing Xu

Abstract This work presents the results of scandium extraction fromGreek Bauxite
Residue (BR) using sulfuric acid as the leaching agent and a composite extractant-
enhanced ion-exchange resin for a new novel, selective-ion recovery (SIR) process
developed by II–VI. The BR produced in Mytilineos’s plant contains approximately
75–130 mg/kg of Sc and given the plant’s current production capacity, more than
100 t of Sc are discarded each year within the BR stream. The optimum conditions
for selective Sc extraction from BR were determined at lab scale in conjunction
with the efficiency in Sc uptake by the resin. Under the SCALE research project, a

E. Balomenos (B) · P. Davris
Research and Sustainable Development, Mytilineos SA, Metallurgy BU, Ag. Nikolaos Plant, 320
03 Viotia, Greece
e-mail: thymis@metal.ntua.gr; efthymios.balomenos-external@alhellas.gr

G. Nazari
Director of Technology, Lt 6 Blk 1 Phase 2 Cavite Economic Zone, Rosario, Cavite, Philippines
e-mail: Ghazaleh.nazari@ii-vi.com

G. Abrenica
Technical Manager, Lt 6 Blk 1 Phase 2 Cavite Economic Zone, Rosario, Cavite, Philippines
e-mail: gomer.abrenica@ii-vi.com

A. Pilihou · E. Mikeli · D. Panias
Laboratory of Metallurgy, National Technical University of Athens, Heroon Polytechniou 9, 157
80 Zografos Athens, Greece
e-mail: anastasiapilihou@gmail.com

E. Mikeli
e-mail: elenamikk@gmail.com

S. Patkar
Director of Strategic Technology Planning and Commercialization, 375 Saxonburg Blvd,
Saxonburg, PA 16056, USA
e-mail: shailesh.patkar@ii-vi.com

W.-Q. Xu
General Manager of Platform Technology Development and Incubation, 375 Saxonburg Blvd,
Saxonburg, PA 16056, USA
e-mail: Wen-Qing.Xu@II-VI.com

© The Minerals, Metals & Minerals Society 2021
G. Azimi et al. (eds.), Rare Metal Technology 2021, The Minerals, Metals
& Materials Series, https://doi.org/10.1007/978-3-030-65489-4_22

217

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-65489-4_22&domain=pdf
mailto:thymis@metal.ntua.gr
mailto:efthymios.balomenos-external@alhellas.gr
mailto:Ghazaleh.nazari@ii-vi.com
mailto:gomer.abrenica@ii-vi.com
mailto:anastasiapilihou@gmail.com
mailto:elenamikk@gmail.com
mailto:shailesh.patkar@ii-vi.com
mailto:Wen-Qing.Xu@II-VI.com
https://doi.org/10.1007/978-3-030-65489-4_22


218 E. Balomenos et al.

BR leaching pilot plant (Mytilineos) and Sc extraction pilot plant (II–VI) have been
established and operated in Mytilineos’s plant to demonstrate this process.

Keywords Red mud · Bauxite residue · Scandium · Recovery of scandium ·
Solvent impregnated resin · SIR · Composite-enhanced extractant polymer resin

Introduction

“Bauxite Residue” (BR) refers to the insoluble solid material, generated during the
extraction of alumina (Al2O3) from Bauxite ore using the Bayer process. When
bauxite ore is treated with caustic soda, the aluminum hydroxides/oxides contained
within, are solubilized, with approximately 50% of the bauxite mass being trans-
ferred to the liquid phase, while the remaining solid fraction constitutes the bauxite
residue. It is estimated that for each ton of alumina produced 0.9–1.5 tons of solid
residue (on a dry basis) is generated depending on the initial bauxite ore grade and
alumina extraction efficiency [16]. Bauxite residue contains various major (gr/kg)
metal oxides of Fe, Al, Ti, Ca, Si, Na, as well as minor (mg/kg) metal oxides like V,
Ga, REE/Sc and others (depending on the initial chemical composition of the bauxite
ore) along with inclusions of unwashed sodium aluminate solution.

The worldwide typical concentration of REE in BR is 800–2500 mg/kg and is
related to the initial bauxite ore and the operation conditions of the Bayer process
[7]. Typically REE are hosted at alumina bearing minerals of the bauxite ore, that
are dissolved during the Bayer process; the REE contained are incorporated into
secondary precipitation phases known as “desilication products—DSP,” a mineral
matrix that contains a mixture of Fe, Ti, Si, Al Ca, and Na ions [18].

Scandium often differs from the other REEmineral behavior; especially in laterite
bauxites and their corresponding BR, it is often correlated with iron and titanium
and zircon minerals [11, 18, 23], which for the most part are unaffected through
the Bayer process. This is also confirmed by the laterite deposits in Australia and
the Greek BR [5] where the main mineral, with high concentration of Sc, is goethite
[19]. However, there are cases of BR, where Scandium is found to be related to larger
extent to the soluble Al-bearing minerals, as reported by researchers [17]. It has been
estimated that 70% of the world’s Sc resources might be found in bauxite minerals
and bauxite residue [15].

Direct leaching of BR with mineral acids [1, 4, 10, 20], requires significant acid
consumption, as BR is by nature highly alkaline, and results in leach solutions with
low Sc concentrations (< 20 mg/l), while the major BR metals such as Fe, Al, Ti,
Ca, Na, and Si dissolve extensively and are thus found in concentrations of several
g/L. This complicates the Sc extraction and refining from such solutions. Applying
selective leaching on BR is the first step to generate a REE solution with signifi-
cantly lower concentration of unwanted co-dissolved metals. Mineral acid-leaching
performance for the Greek BR in terms of increasing selectivity of Sc against Fe
which usually is the main BR component follows the trend of HNO3>H2SO4>HCl
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[4]. In general recovery, rate of Sc during selective leaching is limited in the range
of 20–50% with Fe dissolution <3% [2, 3, 14, 20]. In most cases, a relatively limited
selective dissolution against Fe, Ti, and Si can be achieved but not against readily
soluble Ca, Al, and Na. As this work focuses on developing an industrial operation
for Sc extraction, H2SO4 was selected as the acid to be used based on its selectivity
in Sc extraction, cost, and ease of handling.

II–VI, headquartered in Saxonburg, Pennsylvania, has research and development,
manufacturing, sales, service, and distribution facilities worldwide. The Company
produces a wide variety of application-specific photonic and electronic materials
and components and deploys them in various forms. The company has developed
the II–VI Selective-Ion Recovery (SIR) Technology includes the use of a composite
extractant-enhanced ion-exchange resin to extract scandium (Sc) fromacidic solution
or slurries, and its subsequent recovery as a Sc concentrate [21, 22]. The factors that
contribute to its performance have been studied to a great extent using Pregnant
Leach Solution (PLS) from various Sc-containing sources. The leaching conditions
of BRwere evaluated and optimized to improve recovery of Sc using this technology.

The earlier exploratory leaching experiments [9, 12, 13] resulted in conclusions
that (i) the dissolution of impurities increases with increasing acid concentration
during leaching and (ii) the solubility of silica in solution increases as acidity
decreases, leading to silica gel formation over time. For proper operation of ion
exchange columns, it is important to ensure that there is no precipitation in the
column to avoid pressure drop and fouling in the column. Therefore, to study the
impact of each operating condition on the effectiveness and feasibility of the SIR
process, it was decided to carry out two campaigns—low-acid leaching and high-acid
leaching, in order to find the optimum conditions to maximize loading of Sc while
maintaining steady operation of SIR. Leaching experiments were carried out at the
National Technical University of Athens (NTUA) and II–VI and ion-exchange lab
tests were carried out at II–VI. Based on the results, the optimum leaching condi-
tions were established and upscaled to the industrial pilot at MYTILINEOS alumina
refinery.

Experimental

Lab Experiments

Leaching experiments, using an aqueous solution of sulfuric acid as leaching agent,
were conducted in glass reactors with mechanical stirring. The temperature (85–95
°C) was adjusted with thermocouple sensors immersed into the liquid and attached
to the controller respectively.

After leaching, the slurry was filtered using glass fiber acid-resistant filters of
0.6 µm pore size and the PLS was further diluted for chemical analysis. The metals
in the solution were measured by ICP-OES and AAS.
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The PLS was delivered through a silicon tube to the column using a peristaltic
pump at flowrate of 2 bed-volumes per hour (BV/hr) until the exhaustion point of
the resin for Sc loading was attained.

All samples were analyzed for Sc and impurities content using ICP-OES. The
determination of free acid was done by titration and pH by using TPS Aqua pH.

Pilot Plant

The MYTILINEOS acid leaching pilot plant consists of a series of PP (Polypropy-
lene) reactor tanks, at 500 L capacity, with mechanical steering and heating/cooling
through immerged coils. Filter pressed BR produced at Mytilineos alumina refinery
is mixed with industrial water in the first reactor (100-TK-10) to produce a pulp of
specific density measured through an inline Coriolis Mass Flow Meter. The pulp is
pumped to the second reactor (100-TK-30) where it is heated and contacted with
concentrated sulfuric acid. The leaching takes place at 85 °C with a retention time of
30 min. The pulp exiting the 100-TK-30 is driven to the cooling tank (200-TK-40)
where it is cooled to 60 °C and is subsequently passed to the filter press circuit.
The filter press separates the solids from the liquids, generating the final PLS to be
used for the SIR process. Operating at final pulp containing 40% solids to liquids
(wt/vol), in a single shift operation, the pilot plant can process up to 1000 kg of pulp
containing 300 kg of BR. The PLS produced was analyzed using ICP-OES.

Materials

In all experiments, BR filter cake from the Mytilineos’s Alumina Refinery was used.
The chemical composition of the BR as determined by alkaline fusion and wet
chemical analysis by ICP-OES and AAS at NTUA, is shown in Table 1.

Table 1 BR’s chemical composition

wt% mg/kg

Fe2O3 Al2O3 SiO2 CaO Na2O TiO2 LOI Ce La Y Sc

39.16 16.53 9.90 8.40 3.46 4.67 10.10 657 110 132 71
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Results and Discussion

Preliminary Leaching Campaigns

The leaching tests conducted initially at NTUA focused on leaching at elevated
temperatures of 85–95 °C at solution of 3 M and 1 M H2SO4, and pulp densities of
20%.

The results for Sc recovery at 3 M H2SO485 °C are shown in Fig. 1. At the high
sulfuric acid concentration leaching conditions, the Sc recovery is between 70 and
95%following the same leaching trendwithFe,while theSi recovery is extremely low
as it precipitates at high acid concentration and elevated temperatures [6]. Titanium
is dissolved massively initially but with time its concentration decreases from 23
to about 0.5 g/l in 4 days retention time, as it undergoes hydrolysis at the elevated
temperature [8]. Iron and aluminum on the other hand remain in solution at high
concentrations (49.7 and 9.7 g/l respectively), even after 4 days of retention time.

In order to reduce the concentration of impurities in the pregnant solution, leaching
tests were then carried out at 1M H2SO4 and 95 °C. As shown in Fig. 2, under these
conditions, the Sc recovery is between 48 and 55%, resulting in Sc concentration
~8 mg/L in the PLS. Ti and Fe recovery are below 5%, and similarly Ti precipitates
out of the solution over time. However, Si dissolution is substantial and generates
solutions with more than 4 g/l dissolved Si. Extending the retention time to 24 h and
maintaining the elevated temperatures allows the precipitation of Si.

Fig. 1 Leaching yields per element at 3M H2SO4, 20 pulp density, 85 °C for different retention
times. The respective data labels present the concentration of each element expressed in mg/L of
PLS. (Color figure online)
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Fig. 2 Leaching yields per element at 1M H2SO4, 20 pulp density, 95 °C for different retention
times. The respective data labels present the concentration of each element expressed in mg/L of
PLS. (Color figure online)

Then in accordance with the results of the SIR resin presented below, a third
option was also studied. In order to achieve higher Sc concentration with minimum
impurities, consecutive leaching was examined at 0.4M H2SO4, 85 °C and 1 h reten-
tion time. Three leaching cycles were conducted, re-using the PLS produced with
addition of concentrated 39 g/l sulfuric acid each time and applying this solution in
an un-leached BR sample. As can be seen in Fig. 3, the leaching efficiencies in each

Fig. 3 Leaching yields per element at 0.4 M H2SO4, 20% pulp density, 85 °C, 1 h retention time.
The respective data labels present the concentration of each element expressed in mg/L of PLS.
(Color figure online)
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cycle degrade slightly with Sc, Al and Ti exhibiting the highest relative concentration
increase from first cycle to second and from second to third.

Effect of Impurities on the Performance of the II–VI SIR Resin

Due to low level of Sc in the PLS, it was important to reduce the impurity levels that
would compete with Sc to load on the resin. The presence of Si, on the other hand,
while it may precipitate on the resin and inhibit efficient adsorption to some degree,
is more of a concern for the efficient functioning of the SIR columns.

High-Acid Concentration Leaching of BR—Campaign 1

The PLS prepared by leaching BR at initial H2SO4 concentration of 3M at 85 °C for
1 h and was contacted with the resin in the column to study the adsorption behavior
of Sc. As shown in Fig. 4, the loading of Sc onto the resin from the PLS was low at
about 60 mg/L resin due to significantly higher concentration of impurities relative
to Sc.
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Fig. 4 Loading of (top left) Sc, (top right) Fe and (bottom) Ti onto the SIR resin from Campaign
1 PLS. (Color figure online)
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Low-Acid Concentration Leaching of BR—Campaign 2

Low acid leaching tests (1M H2SO4) were also carried out at 85 °C and 4 h retention
time with the aim of controlling the level of impurities in the PLS. The PLS was
contacted with the SIR resin in a column to study the adsorption behavior of the crit-
ical metal ions. The high Si concentration (>4000mg/L) led to silica gel precipitation
in the column and created pressure drop and fouling. As discussed above, Si and Ti
can be removed from the solution by extending the retention time of the leaching
at elevated temperatures. Therefore, a second test carried out by leaching BR at at
85 °C with 16 h retention time, producing a PLS with less than 800 mg/L of Si and
43 mg/L of Ti. The PLS produced from the 16 h leaching process was fed to the SIR
column. The loading profile of Sc is shown in Fig. 5. Although Si precipitation and
gel formation were not observed in this test due to low level of silica, no significant
improvement in the Sc loading was achieved relative to the PLS with high Si and Ti.

It was hypothesized that the low Sc loading could be due to extremely low level of
Sc in the PLS (~8mg/L in both cases), which reduces the driving force for loading the
Sc in the presence of competing high levels of impurities. To evaluate this hypothesis,
a knownamount of Scwas added to the 16hPLS to spikeSc concentration to 60mg/L.
The PLS was then fed through the SIR resin. In Fig. 5, at the exhaustion point, the
loading capacity of the SIR for Sc was calculated at 2,640 mg/L, which indicated
that increasing the Sc concentration in solution favored the Sc loading over the other
cations even in the presence of high level of impurities.

Fig. 5 Loading of (top left) Sc, (top right) Fe and (bottom) Ti into the SIR from Campaign 2 PLS.
(Color figure online)
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Table 2 Composition of the
PLS from optimum
conditions

Concentration in PLS, mg/L Cycle 1 Cycle 2

Sc 8.8 8.2

Fe 98 95

Ti 5.9 5.5

Si 213 217

Optimum Leaching Conditions—Lower Than 1M H2SO4 Leaching
of BR

Considering the results of Campaign 1 and 2, the optimum leaching conditions were
identified to reduce impurity levels while maintaining a minimum Sc concentration
of 8 mg/L. The BR was leached at 45 g/L H2SO4, which resulted in a PLS with
low values of Sc, Fe, and Ti. In order to increase Sc concentration, the filtrate was
recycled as starting solution while acid concentration was adjusted for the next batch
of BR for leaching. To avoid problems with silica gel formation and possible Sc
precipitation, the PLS was acidified prior to loading on the SIR resin.

The PLS produced under optimum conditions proceeded to the SIR process for
Sc recovery (Table 2). The loading capacity increased to 5,000 mg/L resin as shown
in Fig. 6, which was significantly higher than any previous tests that were conducted.
After the first cycle, the resin was eluted, regenerated, and recycled. Figure 6 eluci-
dates that the resin was efficiently recycled by the second cycle and the results were
repeatable.

The resin from the optimum leaching conditions experiment was washed and
eluted.The recoverywasdetermined to begreater than98%.The crudeSc concentrate
produced contained about 25 wt% Sc, 5%wt Ti, and 0.1 wt% Fe as hydroxides.

Fig. 6 Comparison between first and second loading cycles using PLS from the proposed leaching
process, (Left) Sc loading curve, (Right) Sc adsorption isotherm. (Color figure online)
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Pilot Plant

To achieve the production of the optimum PLS at industrial conditions, MYTILI-
NEOS set up an acid leaching pilot shown inFig. 7.Aiming at increasing productivity,
the pilot plant was operated at a solids to liquids ratio of 0.4 (kg solids dissolved in
1 L of liquid) or at 0.3 kg solids per kg pulp (pulp density). A series of different acid
additions were tested ranging from 0.25 to 0.40 kg of sulfuric acid addition per kg of
BR (or equivalently leaching in solution between 1.0 and 1.6 M sulfuric acid). The
results are presented in Fig. 8, where there is clear region between 0.25 and 0.28 kg
of acid/kg of BR of high Sc selectivity over Fe, Ti, and Si, followed by a region
of gradual increase of both Sc and major metals up to 0.34 kg acid/kg BR. Above
0.34 kg acid/kg BR, the recovery of Sc and Al has reached a plateau while Si and
Ti start to be further dissolved. The leaching conditions of the BR that correspond

Fig. 7 Left: Leaching Pilot unit at MYTILINEOS; Right: II–VI SIR Pilot unit installed at
MYTILINEOS. (Color figure online)

Fig. 8 Pilot Scale leaching results at MYTILINEOS a concentrations in final pregnant solution,
b corresponding leaching yields. (Color figure online)
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to the optimum conditions for the SIR process discussed above are found to be at
0.28–0.30 kg acid/kg BR.

The ongoing work at the MYTILINEOS pilot plant aims to generate 12 m3 of
PLS produced with leaching more than 10 t of BR with 0.28–0.30 kg of sulfuric
acid/kg of BR. This PLS will be fed to the II–VI SIR pilot unit (Fig. 7), in order to
reach the exhaustion point of the SIR resin contained within a 15L column therein.
Based on the results presented above, it is expected that from the elution of this resin,
a 25% wt Sc concentrate will be produced. Future work will focus in recycling the
spent acid streams and optimizing the overall flowsheet, to further reduce the acid
consumption of the process.

Conclusion

The performance of II–VI SIR in recovering Sc from BR was demonstrated. Due to
low level of Sc concentration in the solution, it was important to lower the impurity
levels in solution to achieve high Sc loading. With respect to operating efficiency, it
was important that any particulates or solids in the PLS or those that may precipitate
out of the PLS at any time during the process were eliminated upstream of the
loading process. Consequently, the optimum leaching conditions for the BR were
effectively identified. High Sc loading was achieved under these conditions and a
resulting crude Sc concentrate was also produced. The significant increase in Sc
content substantially reduces the sizing requirements for downstream purification
steps and presents a pragmatic approach to the recovery of scandium from Bauxite
Residue.
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Scandium – Leaching and Extraction
Chemistry

Dag Øistein Eriksen

Abstract Scandium (Sc) is one of the key elements in the green economy due to its
use in fuel cells and as alloying metal for aluminium, but the scandium market is not
working in the sense that very little is offered at a high price making it impossible
to gain use of the metal. Scandium is a rare earth element (REE) and as such,
it is not very rare, but the concentration of it is always low making it a challenge
to produce scandium at low cost. Compared with the other REE, Sc3+ is a much
smaller ion giving it properties closer to Al3+, Fe3+, and Zr4+. We therefore often
do not find Sc together with the other REE, but instead in titanium-, aluminium-,
and zirconium-containing minerals. Processes involving Sc separation are different
from the usual REE processes. Exploitation of the mineral davidite is used as an
example of small deposits, which may be utilized through efficient mining whereas
other large operations like recovery from bauxite residues (red mud) are considered
for comparison.

Keywords Scandium · Davidite · Bauxite · Vanadium · Titanium · Leaching ·
Solvent extraction · Red mud

An Important Metal for the Green Economy

In implementing environmentally friendly technology, the use of hydrogen as an
energy carrier is imperative. The Solid Oxide Fuel Cell (SOFC) is a key technology
using zirconia (ZrO2) as a catalyst for transforming hydrogen gas to water and
electricity. Scandium stabilized zirconia is so far the superior catalyst, which also
is reducing the operating temperature [1]. In low temperature fuel cells (Proton
Exchange Membrane-, PEM-cells), scandium–platinum alloys offer significantly
improved performance [2]. The third and perhaps highest volume application is
in scandium–aluminum–magnesium alloys that offer greatly increased welding and
strength properties and thus significant opportunities in transport applications [3–5].
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Riva et al. [6] have in their review shown that scandium is the superior alloyingmetal
for Al and Al(Mg). Czerwinsky [7] reports assessment of the differences between
use of cerium instead of scandium , and the author concludes that this has no benefit
on the physical properties of the alloys, but CeO2 is abundant and inexpensive.

The Chemistry of Scandium in Minerals

Scandium (Sc) is the lightest of REE. It has atomic number 21, thus being the
neighbor of calcium (Ca). Unlike calcium, which is the fifth most abundant element
in the Earth’s crust, Scandium is scarce, but still more abundant than lead, tin,
silver etc. Scandium has the electron configuration [Ar]3s23d1. This immediately
indicates that the sole oxidation state is + 3 in aqueous media. Scandium is always
found together with other elements, but not necessarily the other REE. The reason
for this can be attributed to the small ionic size of Sc3+ compared with the sizes of the
other REE. Figure 1 shows the ionic radii of all REE and, in comparison, also some
other selected elements [8]. The trends are here important, not the exact numbers.
The figure shows the lanthanide contraction of the 4f-elements and that yttrium (Y),
although having atomic number 39, has an ionic radius comparable to dysprosium,
atomic number 66. Scandium has an ionic radius closer to trivalent vanadium and
iron, V(III) and Fe(III).

In the Hard-Soft Acid—Base (HSAB) theory, small ions with high valence will
usually be harder than the opposite [9]. For example, the ferrous ion (Fe2+) is larger
than the ferric ion (Fe3+) and will be a softer acid. It will therefore have affinity to
a soft base like sulphide, S2−. Ferric, on the other hand, will require a harder base
like O2−. This is what we find in the minerals pyrite, FeS (i.e. FeS2) versus hematite,
Fe2O3. From this, we can extrapolate that Sc3+ is a hard acid and will have affinity

Fig. 1 The ionic radii of the
Rare Earth Elements and in
addition some other selected
elements for comparison.
Data taken from
Webelements.com and
Wikipedia.org. (Color figure
online)
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to oxygen, but not sulphide. This is correct, but empirical rules and semi-empirical
theories are never absolute. For example, Eu2+ is much larger than Eu3+, but the
divalent ion can be strongly bonded to the hard base sulphate. Ti4+ is a hard acid, but
it has such a high affinity for oxygen that the TiO2+ ion can be considered as a soft
acid. Thus, joining forces with a ferrous ion they may form ilmenite, FeTiO3. Still,
the Ti ion is in the tetravalent state and as such it is a hard acid Sc3+ can substitute. In
vanadium-containing minerals we can use similar reasoning. V(IV) appears as VO2+

and has a size close to Sc3+. Nickel Ni2+ is a soft acid with strong affinity to sulphide,
but there are also oxide-based minerals of nickel, laterites. In such we may also find
Sc.

In addition, as a rule of thumb, the chemical properties of two elements are
similar when going one period to the right and one row down because the increase in
valence charge is counteracted by the increase in ionic radius. For example,Mg2+ has
similarities with Sc3+ which again resembles Zr4+. Again, this rule is not absolute,
but can be used to indicate similarities between elements. For example, Zr4+ forms
bonds to oxygen and as such is attractive to Sc3+, but Zr4+ will also form negative
chloride complexes while Sc3+ do not. The fact that scandium and the other REE
do not form chloride complexes represent an option for separation of REE from
elements that form such complexes.

Summing up, scandium is a member of the REE but is not always found together
with the other REE. Instead, we find scandium in minerals containing aluminium,
titanium, vanadium, zirconium, etc. Thus, when we are searching for Sc-containing
ores we should not look for xenotime (YPO4) and other REE-minerals, but instead
look for ferric-, alumina-, zirconium- or titanium-containing minerals.

Sources for Scandium

Scandium (Sc), like other rare earth elements , is ubiquitous at low concentrations
but very rarely found in high concentrations, making it a challenge to produce at low
cost. Like the other REE, scandium is almost never found in nature in pure minerals.
The best-known mineral for Sc is tortveitite, but some other Sc minerals are also
known [10]. All these minerals are rare and found in minute amounts.

The most widely produced Al rock is bauxite. Bauxite is a mixture of oxidic
minerals, mainly of Al and Fe(III) and thus can be expected to host Sc. In the
production of alumina, Al2O3, by the Bayer process, the amphoteric property of Al
is utilized. Ferric hydroxide, FeO(OH)—goethite, remains as solid while Al(OH)4−
is dissolved and is separated from the solid residue. Scandium follows the ferric
hydroxide and is therefore found in the residual ponds. This residue is usually called
red mud . Asmillions of tons of bauxite are processed annually, the ponds of residues
are expanding and represent environmental challenges. Therefore, exploitation of red
mud is environmentally beneficial and many ponds are considered potential sources
for scandium.During the last years, there have been published a large series of reports
and papers on scandium recovery from red mud, e.g. [11–18].
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Ilmenite, FeTiO3, and rutile, TiO2, are themostwidely exploited titaniumminerals
and it was recently announced (May 2020) by Rio Tinto (one of the world’s largest
mining companies) that it will utilize one of its large ilmenite process streams as a
source of high volume – low cost scandium. The company will bring Sc to market
utilizing their own technology [19]. An iron mineral that can host large resources of
scandium is limonite, FeO(OH).nH2O, and Scandium International Mining Corp.,
is targeting the Nyngan deposit in New SouthWales, Australia, to produce the metal,
expecting to start production in 2021 [20, 21].

Perhaps the most exotic mineral under consideration as a scandium resource is
davidite, (Ce,La)(Y,U)(Ti,Fe3+)20O38 [22–24]. The content of the light rare earth
elements, La and Ce, can vary while the Y, U, Ti, and Fe are more fixed. Scandium
is often present in davidite, and so is vanadium [25]. The mineral is found in rather
small deposits in Australia, Kazakhstan, and Norway. It has been noticed during
explorations because of the content of uranium. Davidite is found in Norway in
the Fennoscandian shield extending from the Kola Peninsula in Russia to Finnmark
County in Norway. The two best-surveyed deposits are Biggjovagge and Biggejavri
[23]. The mineral davidite is uncommon and no deposit has so far been considered
a source of scandium that would significantly alter the scandium market.

Experimental Results and Discussion of Leaching of Davidite

Davidite concentrate from the ganguematerial from the chalcopyritemine at Biggjo-
vagge, Finnmark, Norway was received from the mine owner and used as such. This
mine is now closed and the area brought back to its original condition. Leaching tests
were conducted by Megon AS at University of Oslo, Department of Chemistry and
elemental analyses were performed by ICP-AES at Institute for Energy Technology,
Kjeller, Norway.

HCl or H2SO4 were tested as leaching agents. Both acids have potential as
complexing agents for zirconium and uranyl; chloride also for ferric present, sulphate
also for rare earths .

In addition to the two kinds of acids, pulp density, leaching time and temperature
were varied. A selection of analyses of pregnant leach solutions (PLS) is listed in
Table 1. For all these tests, the temperature was 100 °C and the leaching duration
1 h. The yields of the various elements are listed. As is shown, the rough conditions
gave less than 60% yield of Sc. This was considered too low and the project was
stopped. However, there are things to learn from Table 1:

• Recovery of scandium is strongly correlated with titanium and vanadium, corre-
lation coefficients are higher than 0.95. Linear correlation coefficient is defined
as [26]:
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• Recovery of scandium is only weakly correlated with the other REE and
zirconium

• Recovery of scandium is almost uncorrelated with uranium
• The kind of acid is not important, but the acid concentration is

These results show that there is a strong correlation between the dissolution of
titanium, vanadium and scandium, indicating that scandium and vanadium may be
substituting Ti in the stoichiometric formula (Ce,La)(Y,U)(Ti,Fe3+)20O38. The other
REE, as well as uranium, must be bonded at other sites in the crystal lattice. Figure 2
is a graphical presentation of the experimental results. The amount of dissolved
material is rather constant and since the yields of the REE and U are constantly
high, this may indicate that the REE and U are easily leached, while the titanium part
is more difficult to leach. Leaching times up to 90 min did not improve the yield.
The residue had properties from visual inspection that was quite similar to the input
feed and it possessed very good settling and filtration properties.

Separation of Scandium from the Other Cations Present
in the PLS

As shown in Fig. 1 Sc3+ is a smaller ion than the other trivalent REE. In chloride envi-
ronments, REE are not complexed and remain as trivalent cations. This means that
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they may be extracted by cation exchanging solvent extraction agents like the phos-
phorous based ones. The harder acid the cation is, the more acidic the environment
it is possible to extract it from.

The phosphorous-based extraction agents can be written as (R1X1)(R2X2)POOH,
where Ri is an alkyl chain and Xi can be O (oxygen), S (sulphur) or nothing.
Also, the oxygens in the POOH group can be substituted by S, one or both. The
acidities are decreasing in the sequence (RO)2POOH, R(RO)POOH, R2POOH,
R2PSOH, R2PSSH [27]. The thiol compounds are used to extract soft acids like
Ni2+, Cd2+ etc. For very hard acids like Sc3+, it is possible to use the hardest bases,
i.e., (RO)2POO−, R(RO)POO−, the challenge is, however, to recover (strip) scan-
dium from the extracting species. The best way is to use NaOH solution forming
Sc(OH)3(s) in the organic phase and settle out. Then the hydroxide can be dissolved
in acid and scandium reprecipitated by addition of oxalic acid. To form Sc2O3 calci-
nation is employed [28]. The former company Megon AS employed this in their
production of high purity Sc2O3 in the late 1980s using the phosphonic acid extrac-
tant PC88A produced by Daihachi Chemical Co., Japan. Sc3+ was extracted from ca
2 M HCl solution and stripped with a NaOH-solution. As can be deduced, such a
process consumes acid and energy and will therefore be expensive.

Das et al. [29] have made a comparative study of many of the organo–phosphoric
acid extractants. For Sc3+, they recommend the phosphoric acid and the phosphinic
acid extractants. The latter will extract more weakly, but be easier to strip, while,
in fact, the former may extract Sc3+ so hard it cannot be stripped. The extraction
properties of bis-(2-ethylhexyl) phosphoric acid (HDEHP or D2EHPA) are strongly
dependent not only on the concentration but also on the diluent [27].

Ricketts [30] has published a review of industrial scandium solvent extraction.
Among the solvent extraction processes reported, also the use of Primene JM-T is
mentioned. This is a primary amine, and as such it is extracting anions. Ricketts does
not reveal the aqueous phases but the main value elements were uranium and tung-
sten in two different processes, respectively. It is therefore concluded that sulphuric
acid environments were feeds in both cases. The stripping solutions consisted of
chloride solutions. Primene JM-T seems to be the preferred extractant in the process
of Scandium International.

Conclusions

Scandium is a critical metal if the Green Economy is to be implemented with state
of the art technologies [4]. There might be a huge amount of scandium on the market
in near future at a reasonable price. However, there has been a tendency by mining
companies to underestimate the cost of refining rare earth metals —and scandium
is no exception. We will have to await the announced producers with their products
before scandium can be withdrawn from the list of critical metals. Thus, there might
still be demand for scandium and new sources.
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Davidite is an interesting source material as it contains several critical elements
and elements of high value, but the deposits are small. Thus, the need for effective
and low cost mining operations is imperative. The co-extracted elements, e.g., Ti and
V, may be cost carriers and add value to the operation. Compared with other sources,
e.g., red mud and ilmenite gangue, davidite will also enable production of valuable
elements like REE, Zr and U.

The interest for scandium chemistry is booming with many new papers published
annually. The metal is, however, easy to separate from most other elements due to
its hard acid nature. The challenge is to treat the rest of the feed and recover the
scandium in an economic acceptable process. Compared with red mud and ilmenite
gangue material , the volumes of scandium produced from davidite will presumably
be much smaller, but the cost of the production may also be smaller due to the ease
of leaching and selectivity of (scandium) separations.
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Preparation of Industrial Sodium
Chromate Compound
from an Indigenous Chromite Ore
by Oxidative Decomposition
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and Mustapha A. Raji

Abstract Pure chromate is an important raw material used extensively in chemical
and metallurgical operations. Considering these uses, the oxidizing roasting process
of an indigenous chromite ore to prepare industrial sodium chromate was investi-
gated in this study. The effects of sodium carbonate to chromite mole ratio, reaction
temperature, contact time and its thermodynamics-cum-kinetics behaviour were also
discussed. The results showed that the reaction mechanism was greatly influenced
as the temperature varies. A two-stage recovery process was found favorable for the
conversion method and chromate conversion rate of 97.06% with minimal residual
pollutants was achieved at optimal conditions. The residual products containing
iron as characterized could be easily recovered to produce sponge iron, leading to
complete detoxification and zero emission of chromium residue for defined industrial
applications.

Keywords Chromate compound · Chromite · Indigenous · Oxidative
decomposition

Introduction

Chromite, the most viable among the chromium minerals, is used continuously to
produce high-quality chromium compounds. The economics of chromite recovery
from the ore depends upon the occurrence and its chemical composition [1–3]. In
Nigeria, for example, sufficient reserves of chromite ore are found at Awe Local
Government of Nassarawa State, Benue through of Northeastern part of the country.
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In recent years, the global demand for chromium-related compounds has been
increasing steadily, because of enormous use of the chromium (an important non-
ferrous metal) in the metallurgical and chemical industries [4, 5]. Since chromium-
containing compounds serve as an intermediate product with their diverse applica-
tions, its manufacturing process is thus an important branch of inorganic salt industry
and has attracted rising public environmental concerns [6, 7]. Sodium chromate is
one of the most important products used chiefly for manufacturing chromic acid and
chromium pigment in leather tanning and corrosion control applications [8–10].

Conventionally, the industrial production of sodium chromate (Na2CrO4) through
leaching of the chromite ore can be obtained by either pyrometallurgical or hydromet-
allurgical process [11, 12]. These conventional methods are the lime-based roasting
process, which have many disadvantages including low resource utilization and
serious environmental pollution among others [13, 14]. Such disadvantages hinder
the widespread application of the defined process. Consequently, it is gradually
being replaced by lime-free roasting that is cleaner and low resource utilization [15,
16]. Therefore, a low energy consumption and eco-friendly method is continuously
needed to develop production of sodium chromate being a primary material needed
to resuscitate the Nigerian leather industries, for example. At present, the sodium
chromate is still being imported for large-scale use, which represents an economic
burden for local industries in Nigeria. Consequently, the aim of this study is the
development of a feasible approach for producing chromate locally from a Nigerian
sourced chromite ore by oxidative decomposition technique. Experimental parame-
ters such as sodium carbonate to chromite mole ratio, reaction temperature, contact
time, and particle sizes to enhance optimal chromate yield were investigated.

Materials and Methods

Materials

The chromite ore used for this study was sourced from Tunga Kaduka, Awe Local
Government, of Nigeria. The ore was crushed, grinded, and pulverized into three
different particle sizes:−106+ 75µm,−253+ 106µm,−315+ 253µm fractions.
This concentrate as analysed by X-ray fluorescence contained 49.6 wt% Cr2O3, 7.8
wt% Fe2O3, 6.4 wt% FeO, 10.8 wt% Al2O3, 15.9 wt% MgO, 0.1 wt% CaO, 2.7
wt% SiO2, and 6.7 wt% other oxides [17]. All reagents used were of analytical grade
(BDH grades) and doubly distilled water was used to prepare all aqueous solution.
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Chromite Ore Dissolution Process Investigation

Roasting Process

A 2 g of the pulverised ore together with the varied amounts of Na2CO3 (20, 50, 60,
and 75% in mass fraction) was weighed mixed along with a small amount of water
in a nickel crucible and placed inside a muffle furnace. The roasting temperature
was varied from 400 to 900 °C, keeping the roasting time constant at 2 h. After the
required roasting time, the crucible was cooled inside before removing the roasted
product.

Treatment of Roasted Products

The roasted sample in Sect. 2.2.1 was leached for 30 min in doubly distilled water
at 50 °C in a designed glass reactor. The mixture was agitated to a constant stirring
speed of 350 r/min.At regular intervals, sampleswere taken and immediately filtered.
The chromium content in the solution was determined using atomic absorption spec-
troscopy (AsecT 1335). The leach residues were washed thoroughly and oven-dried
at about 80 °C for 24 h prior to the phase analysis by Perkin-Elmer Model 460X-ray
diffraction (XRD) equipment.

Results and Discussion

Roasting-Leaching Studies

The chromium-bearing mineral can be simply represented as FeCr2O4, which rarely
exists as pure iron protoxide (FeO) and chromic oxide (Cr2O3). The chemical
reactions in the oxidation roasting of chromite ore with sodium carbonate can be
represented by the following relations:

FeCr2O4 + 2Na2CO3 + 7/4O2 → 2Na2CrO4 + 1/2Fe2O3 + CO2 (1)

MgCr2O4 + 2Na2CO3 + 3/2O2 → 2Na2CrO4 + MgO + CO2 (2)

Cr2O3 + 2Na2CO3 + 3/2O2 → 2Na2CrO4 + CO2 (3)
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Effect of Na2CO3 Concentration

The investigated optimal parameters were represented using Design expert demo
graph as summarised in Fig. 1a–c.

Figure 1a shows increase in leaching efficiency as the concentration of Na2CO3

increases from 20 to 50 wt% but decreases beyond 50 wt% as it reaches 68% after
180 min. The decline in the chromium leaching from 68 to 63% could be attributed
to oxidative leaching of chromite ore by dissolved O2 instead of gaseous O2 serves
as the oxidant. It is obvious that the viscosity of the Na2CO3 in aqueous solution
increases concentration monotonically. Increase in Na2CO3 concentration from 50
to 75 wt. %, the solubility of O2 in Na2CO3 aqueous solution decreases and the
mass transfer of O2 worsens, resulting in a sharply decline of the chromium leaching
efficiency [18, 19].

Fig. 1 Optimization profile of roasting-leaching investigation: a Effect of Na2CO3 concentration
b Effect of temperature c Effect of particle sizes. (Color figure online)
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Effect of Reaction Temperature

The chromium-leaching efficiency in the temperature range 300–9000C was carried
out with particle size of −106 + 75 µm, stirring speed of 300 rpm, and 50 wt%
Na2CO3 concentration as shown in Fig. 1b. The chromium leaching efficiency is
greater at higher temperature in general. At optimum temperature of 900 °C, the
chromium leaching efficiency was stable at about 97. 06% after 180 min. However,
it is obvious that higher temperature changes the chemical equilibrium constant and
boost the reaction rate constant, as higher temperature enhances the solubility of the
product around the ore [20, 21].

Effect of Particle Sizes

The results for the effect of particle sizes on the extent of chromium recovery are
presented in Fig. 1c. As expected, the smaller size of the particle, the faster the
extent of ore dissolution. This is probably attributed to the active sites on the surface
of chromite ore particles in the dissolution. In a situation when specific sizes get
smaller, for example,more active sites on the solid surface are exposed to the solution.
As the leaching proceeds, the reactants penetrate into micro-cracks and more soluble
forms of chromite ore is expected to be quantitatively extracted [22]

Dissolution Mechanism and Residual Analysis

From the established leaching data in Fig. 1b, the chemical reaction rate-limiting
step was applied. From the slope of the straight lines in Fig. 1b using fitted shrinking
core model, Arrhenius equation K = Ae-Ea/RT was used to plot ln k versus (I/T) for
each temperature and the activation energy was calculated from the slope—Ea/RT
gave 23.2 kJ/mol. The calculated activation energy value further supports diffusion
control mechanism model.

Furthermore, during water leaching, the separation of NaCrO2 into Na2CO3 and
Cr2O3 take place, following the precipitation of iron oxide which remained in the
residue. The main phases identified in the residue after water leaching are MgO,
Fe2O3, MgFe2O4, and sodium aluminate silicate (NaAlSiO3). The SEM images of
the leaching residues showing the macrostructure of the residue and the elemental
analysis of the EDAX are shown in Fig. 2a, b and Table 1 respectively.

The micrograph of the solid particles before leaching presents a separate smooth
mineral phases with porous surface. However, themicrograph of the leaching residue
presents different surfaces. The chromite surface was almost dissolved and could not
be observed in the leaching residues as obtained in Table 1.

As seen from Fig. 2a, b, the morphology of the residue derived from the oxidation
of chromite is totally different from that of the ore before leaching and present a
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Fig. 2 SEM images of the leached residues: a Raw chromite ore b Leached chromite

Table 1 Summary of EDAX elemental composition of leach residue

Element Na Mg Al Si Fe O C

Wt % 4.90 8.99 5.28 3.14 20.03 24.70 10.96

rough and porous surface. This apparently showed that the chromite can be oxidised
and dissolved by water while roasting with Na2CO3.

Conclusion

In this study, the roasting of Tunga Kaduka (Nigeria) chromite ore concentrate with
sodium carbonate in the absence of airflow, while preventing interference of nitrogen
and other atmospheric gases in the air yielded maximum chromium recovery of
97.06% at 900 °C within 2 h. The results showed that the reaction mechanism was
greatly influenced as the temperature varies. A two-stage recovery process was found
favourable for the conversion method and chromate conversion rate of 97.06% with
minimal residual pollutants were achieved at optimal conditions. The residual prod-
ucts containing iron as characterized could be easily recovered to produce sponge
iron, leading to complete detoxification and zero emission of chromium residue for
defined industrial applications.
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Abstract The adopted strategy and the results achieved by the Italian National
Research Council within the Knowledge and Innovation Community “Raw Mate-
rials” of the European Institute of Innovation and Technology (KIC EIT-RM) are
presented in detail. We focus on activities dedicated to education as well as valida-
tion and acceleration actions of the EIT-RM.Regarding the former, activities tackling
the awareness of citizens on the impact of RMs in our life, guiding pupils towards an
informed engagement into RMs university carriers, and lifelong learning of profes-
sionals dedicated to methodologies to access, organize, and share scientific literature
and data are presented. Regarding the validation and acceleration actions, two main
activities are discussed: (1) development of Platinum–Group Metals free catalysts
and the corresponding know-how transfer initiative towards East and South East

P. Dambruoso (B) · A. Torreggiani
Institute of the Organic Synthesis and Photoreactivity, Italian National Research Council
(ISOF-CNR), Research Area of Bologna, via P. Gobetti, 101, 40129 Bologna, Italy
e-mail: paolo.dambruoso@isof.cnr.it

A. Torreggiani
e-mail: armida.torreggiani@isof.cnr.it

S. Siano
“Nello Carrara” Institute of Applied Physics, Italian National Research Council (IFAC-CNR),
Research Area of Florence, via Madonna Del Piano, 10, 50019 Sesto Fiorentino (FI), Italy
e-mail: S.Siano@ifac.cnr.it

O. Russo
CNR National Research Council, Institute of Microelectronics and Microsystems (IMM), Via P.
Gobetti, 101, Bologna 40129, Italy
e-mail: ornella.russo@area.bo.cnr.it

O. Russo · S. Marzocchi
CNR National Research Council, Library of the Research Area of Bologna, Via P. Gobetti, 101,
Bologna 40129, Italy
e-mail: stefania.marzocchi@area.bo.cnr.it

V. Dal Santo
Institute of Chemical Sciences and Technologies “Giulio Natta”, Italian National Research
Council (SCITEC-CNR), Via Camillo Golgi 19, 20133 Milan, Italy
e-mail: vladimiro.dalsanto@scitec.cnr.it

© The Minerals, Metals & Minerals Society 2021
G. Azimi et al. (eds.), Rare Metal Technology 2021, The Minerals, Metals
& Materials Series, https://doi.org/10.1007/978-3-030-65489-4_25

249

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-65489-4_25&domain=pdf
mailto:paolo.dambruoso@isof.cnr.it
mailto:armida.torreggiani@isof.cnr.it
mailto:S.Siano@ifac.cnr.it
mailto:ornella.russo@area.bo.cnr.it
mailto:stefania.marzocchi@area.bo.cnr.it
mailto:vladimiro.dalsanto@scitec.cnr.it
https://doi.org/10.1007/978-3-030-65489-4_25


250 P. Dambruoso et al.

Europe (ESEE) countries; (2) development of novel analytical logging tools and
portable devices for real-time compositional analyses based on laser technologies.

Keywords Raw materials · Education · Lifelong learning · Digital competences

Introduction

The Italian National Research Council

The Italian National Research Council (CNR) [1] is the largest public research insti-
tution in Italy. Founded as legal person on 18 November 1923, CNR’s mission is
to perform research in its own Institutes, to promote innovation and competitive-
ness of the national industrial system, to promote the internationalization of the
national research system, to provide technologies and solutions to emerging public
and private needs, to advice Government and other public bodies, and to contribute
to the qualification of human resources.

The EIT RawMaterials

EITRawMaterials (EITRM) [2] is theKnowledge and InnovationCommunity (KIC)
that has been funded by the EIT (European Institute of Innovation and Technology
[3], a body of the European Union) for 7 years of operations (2016–2022). Since
the awarding date, EIT RM is the largest consortium in the raw materials sector
worldwide. The EIT RM vision is to develop raw materials into a major strength
for Europe while the EIT RM mission is to enable sustainable competitiveness of
the European minerals, metals and materials sector along the value chain by driving
innovation, education and entrepreneurship. The EIT RM community is focused
on innovation, and the introduction of innovative processes, products and services
aiming to secure the supplies and improve the raw materials sector in Europe.

This ambitious objective is pursued investing in exceeding 350 projects in the
field of education, validation, and acceleration of innovative technologies, products
and services, internationalization and also supporting business creation.

EIT RawMaterials consortium consists of exceeding 300 partners (including
project partners) established in Europe and representing the whole knowledge
triangle (research organizations, universities, and industries). Partners of EIT
RawMaterials operate over the entire raw materials value chain, spamming from
exploration to recycling and circular economy.
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CNR Operations Within the EIT RawMaterials Framework

After the start-up period of one year (2015), EIT Raw Materials operation started
in January 2016 and, since then, CNR has been partner of the EIT RawMaterials
as linked third party of ART-ER S. Cons. P.A. [4], (former ASTER S. Cons. P.A.)
together with Alma Mater Studiorum—University of Bologna [5].

As a general strategy, CNR approached EIT RawMaterials challenges and oppor-
tunities, promoting within the consortium, a valuable set of assets focused on all EIT
RawMaterials pillars and selected sectors of raw materials value chain.

Regarding the Education pillar, all operations were conceived and developed as a
bridge joining schools to industries, also considering the impact on the society. Using
this approach, CNR Education offer has been based on four main pillars: awareness,
motivation, state of the art, knowledge and communication. From this perspective,
guided by their teachers and raw materials experts, pupils should initially become
aware of the importance of rawmaterials into their daily life, to become ambassadors
within the society. The most motivated pupils will be funneled into raw materials
university studies, after having offered them the opportunity to understand, through
dedicated internships, what their professional life will be. On the other hand, profes-
sionals operating along the entire raw materials value chain should continuously
refine and improve their knowledge, taking advantage of professional education.

To achieve these objectives and implement this strategy within the Education
pillar, the knowledge gained by CNR researchers within two assets, namely “Il
linguaggio della Ricerca” [6] (The research language) and “SperimEstate” [7]
(Summer experiments) have been exploited within the wider society learning sets
of activities of EIT RM, while the education initiatives dedicated to researchers and
developed by the Digital Library of the Research Area of Bologna [8] were translated
in lifelong learning activities dedicated to professionals operating along the entire
raw materials value chain.

Along with those developed within the Education pillar, CNR proposed valuable
activities also in theValidation&AccelerationEITRawMaterials pillar.Accordingly,
various thematicNetwork of Infrastructures (NoIs)were developed, taking advantage
of the background gainedwithin various assets: the ChemNanoCare [9] thematic area
of the ISOF Institute, the LabCat [10] of the ISTM-Milan Institute (now SCITEC),
the nM2Lab laboratory [11] of ISM-Montelibretti and the laser laboratory for cultural
heritage of the IFAC Institute [12].

In a single concept, “Excellence exploitation” fully represents the CNR strategy
within the EIT RM framework.
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Details on Selected CNR Activities with the EIT RM
Portfolio

Among the 34 activities coordinated or participated by CNRwithin the EIT RawMa-
terials projects portfolio, below is a summary of the most representative within all
EIT RawMaterials pillars.

RAISE

RAISE, RawmAterIals Students Internships, is an Education activity coordinated by
CNR started on 01 July 2019 that will end on 31December 2021. RAISE gives access
to secondary school students internships within research laboratories/companies
operating in the raw materials sector. RAISE tackle a carrier guidance demand orig-
inated within the schools, making youngsters aware of the career opportunities in
the raw materials field, offering them tools allowing an informed university studies
engagement into raw materials related disciplines. Motivated pupils are asked to
access two/three weeks of internships focused on KIC thematic pillars.

Aim and Objectives

Secondary school pupils at the last 2 years of their school curricula are facing the
most relevant choice in their life: decide their role within the society, identify how
they can contribute to the wealth of the community to which they belong, matching
their expectations with their talents and with the opportunities offered by specific
sectors of the world economy.

This choice ultimately corresponds to the choice of their university studies and this
process is often dream-driven, sometimes neglecting unpleasant feedbacks from the
real world. On the contrary, due to a vague knowledge or the bad reputation of appar-
ently tough disciplines, youngsters are frequently not at all aware how passionately
and productively they may be involved in studies/professional activities dedicated to
foggy sectors.

In this scenario, impulsive or uninformed choices may be taken, resulting in
regrettable time-wasting decisions, future unproductive and frustrating studies, or
lack of valuable talents due to unconsidered opportunities.

The objective of this project is to offer pupils a first but immersive direct contact
with the raw materials sector, giving them a flavour of its real world in order to
facilitate their informed and committed engagement into studies of raw material-
related disciplines.
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Implementation

RAISE consortium consists of nine partners coming from five different European
countries, and representing the entire knowledge triangle. Research organization and
university partners should recruit students and offer internships within their research
laboratories, while industrial partners should offer plant visits within their facilities.
Two internship cycles are foreseen during the RAISE project lifespan, one per year,
and each cycle consists of four phases, namely Design, Implementation, Execution,
and Exploitation phases. During the Design phase, tutors should be identified and
topics harmonized within the consortium, in order to maximize pupils’ involvement
along the entire rawmaterials value chain. During the Implementation phase, schools
should be contacted in order to formalize their involvement in RAISE activities
and recruit students that should be selected for motivation. After the finalization of
the internships calendar, students should be able to start their internships upon the
signature of the Education project agreed byRAISE partners and schools. Internships
should then be executed, and students should also prepare a video report of their
experience, that should be used as a dissemination tool within peers and during the
final conference of the internship cycle. Results of the students’ satisfaction survey
will be used by RAISE partners to improve the internships offer for the coming years.

Results

At least 5 pupils/year per each Research Organization and University (overall 30
pupils/year) should be recruited to perform internships. RAISE will then offer to
recruited pupils both direct access into integrated research laboratories/companies
internships focused on KIC raw materials thematic pillars, and a chance to become
“raw materials teachers and reporters” for their classmates. An average of 20
pupils/class (600 pupils/year, 1200 pupils over the project lifespan) will be involved
in RAISE initiatives at the end of the project.

RM@Schools

RawMatTERSAmbassadors at Schools (RM@Schools) is aWider Society Learning
project focused on an innovative program to make science education and careers in
raw materials attractive for youngster.

Aim and Objectives

The project offers an active learning to schools by RMAmbassadors (experts in some
RM-related issues and trained teachers) by involving students in experiments with
RM-related hands-on educational kits, in excursions in industries, and in science
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dissemination activities [13]. Various educational approaches are used to foster
students’ interest in science and technology, in particular in circular economy and
RM-related topics, but the core element of the RM@Schools approach is to empower
students to communicate with peers and wider society about critical concepts related
to rawmaterials and their use. Students are asked to becomeYoungRMAmbassadors
themselves (science communicators) and to create dissemination products focused
on issues related to RM (i.e. videos, cards, comics, etc.). Local Competitions for
awarding the best communication products as well as an European Conference with
delegates fromEuropean schools (students and teachers) are annually organized. The
project’s European Conference that takes place annually in Bologna plays a pivotal
role in teaching science communication. It is not only a very important celebration
of the work done by students but it also gives young people the opportunity to meet
their peers from the other countries and explain by themselves on the stage what they
have created in the framework of the project.

In addition, teachers are trained to become RM Ambassadors themselves in the
future at school, and selected groups of students are trained on activities suitable to
be proposed during Public Events in order to work together with RM Ambassadors.

Implementation

Several learning paths for pupils aged 10–18 years were developed in the frame-
work of RM@Schools where different educational approaches (such as learning-by-
doing, team working, peer-to-peer, gamification, etc.) are used to generate and foster
students’ interest in science and technology.

The learning pathway, covering the whole RMs value chain from geology to
electronic waste management, has a modular structure:

• Lesson—introducing students to relevant content knowledge
• Activity—experiments with RM-related hand-on kits. The active learning

approach is encouraged by involving students in experiments using raw material-
related hands-on educational toolkits

• Visit—to industry or research centres, where students can experience its impact
in the real world

• Create/Communicate—students are asked to communicate by creating a product
designed to promote dialogue on a key message they have learnt

• Society—students are engaged in public events, such as science fairs, as well
as in presenting their best dissemination products during an annual European
Conference (Fig. 1).

Results

The project, born in 2016, becomes the flagship project in theWider Society Learning
segment of the EIT RawMaterials in 2018, and every year involves a large number
of students and teachers from high schools. The best results of the last years have
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Fig. 1 Young RM Ambassadors in action at Ideen Expo 2019, a huge science fair in Hannover.
(Color figure online)

been the strengthening of the international collaboration among the Consortium, the
strong enlargement of the EuropeanNetwork (84 schools, 27 companies, 6museums,
25 Universities and Research Institutes), and the major involvement of Young RM
Ambassadors not only at local but also at the European level. This made possible, just
to mention a few, the organisation of one international train—the trainer workshop in
Berlin with the participation of teachers from four countries, the organisation of one
stand completely devoted to RM@Schools at IdeenExpo, a national Science Fair in
Hannover (DE), and tutored by Young RM Ambassadors, the participation to the IV
European Conference in IT students and teachers from 14 countries (Fig. 2).

Strengthening the European and Local Networks made possible to organise about
70 open-access events only in 2019 by involving about 16.000 people (generic public,
classes in our learning paths, teachers, etc.). In particular, one event was realised in

Fig. 2 International events realised in the framework of RM@Schools project during 2019. (Color
figure online)
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connection with the EU Researchers’ Night directly in one Middle School with
the involvement of about 100 Young RM Ambassadors allowing to host more than
400 people to the scientific stands. Moreover, the dialogue with other countries
in particular in the ESEE regions was opened thanks to the RM@Schools inclu-
sive action and from this dialogue a new project called RM@Schools-ESEE was
born (2020). Finally, the European Conference, annually organised in Bologna (IT),
connected with other EIT RawMaterials Projects (i.e., ESEE Education Initiatives,
BetterGeoEdu, SmartPlace@Schools, etc.) involved delegates from 18 European
countries and 500 participants, of which more than 70 young RM Ambassadors
from 14 Countries.

Caronte

The CNR Library of the Bologna Research Area, in collaboration with a multi-
faceted team composed of multidisciplinary professionals coming from all corners
of the knowledge triangle, developed a set of education initiatives through a project
called CARONTE Continuing educAtion and scientific infoRmatiON literacy on
Raw MaTerials for profEssionals [14].

Aim and Objectives

The project team included seven full partners: two companies (ECODOM and
Zanardi Fonderie) and two training providers from Italy (Centoform and CSCS), the
General Council of the Catalan Chambers of Commerce from Spain, and DIMECC,
a high-tech network from Finland. Besides this group, a number of collaborators
(companies, universities, training providers) took part in the activities, thus facili-
tating systemic thinking and collaboration between research centres, industries and
academia exploiting all synergies offered by the consortium.

The project, supported by EIT RM (July 2017–December 2019), addressed the
training activities to researchers and young professionals operating along the entire
raw materials value chain.

Several studies on information literacy at the workplace have pointed out that
professionals waste time and money searching for information on the web and that
information literacy is essential to have a competitive advantage. Moreover, the
labour market requires people to be able to constantly update themselves and their
knowledge.

The objective of this project is to design, pilot, and disseminate within compa-
nies, innovative approaches and strategies in retrieving, effectively organizing and
properly sharing among colleagues scientific and technical information regarding
the science and innovation frontiers.
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Implementation

CARONTE training activities have been designed and developed using ADDIE
(Analysis, Design, Develop, Implement and Evaluate) methodology. Starting from
results emerged through a project designed survey on “Professionals’ behaviour and
perceptions about searching and managing information at work”, the team identified
a general “framework of Information digital competence for informed profession-
als” (Fig. 3), aimed at empowering the capability to critically use digital information,
content and data and to effectively perform information-related job tasks.

The framework is a graphic model that synthesizes the most common information
tasks that professionals face during their work (explore a topic, stay updated, write a
document, summarize the state of the art, present results, make informed decisions)
and the five areas of information competence (intended as the whole of knowledge,
skills, and awareness) that they need to improve: find, organize, share, evaluate,
apply.

On the basis of this framework, a blended learning program (based on case studies
provided by companies’ innovators)with a set of nine learningmodules, all addressed
to companies R&Dmanagers and knowledge workers, was developed, finalized, and
tested. Learning modules have been designed with the aim of creating the basic
“bricks” for building customized courses. Some of them have been tested separately,
in a single workshop specifically dedicated to that learningmodule, some others have
been combined and tested within a more articulated training path.

CARONTE team piloted the modules with different target groups both in Italy
and in Spain. Each pilot event has been an occasion to test one or more learning
modules, with the aim of detecting criticalities and improving the overall training

Fig. 3 The framework of
Information digital
competence for informed
professionals. (Color figure
online)
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quality in terms of contents, expectations, usefulness, trainers’ capability. Through
the analysis of the emerged criticalities, the learning modules have been revised, in
some cases redesigned, and issued in their final version, now available on the project
website [15].

Results

At the end of the project, a total of 113 professionals (57,5% females) and 16
new trainers on Information management needs have been educated by CARONTE
trainers.

Professionals discovered the unknown (for them) power of their day-by-day used
tools to implement innovative approaches and strategies to search and access online
scientific results, documents, and data.

In addition, some of the training modules and materials developed within the
project are customized for companies of the Skillman network and made available
also through the Skillman e-learning platform [16]. Skillman is aworldwide Transna-
tional Platform of Centers of Vocational Excellence based in the EU and represented
in several countries worldwide. It is designed to introduce skills, competences, and
innovative curricula for the advanced manufacturing sector within the Vocational
Education and Training pathways. It connects training providers with civil society
and industry, giving support services that drive growth and effectiveness in the sector.
Project results were also disseminated through International Conference (QQML,
Infolog), the Skillmann International Forum at Didacta Fair and other public events:
more than 800 people were reached.

PIMAS, InnoLOG, and InSITE

Aim and Objectives

In mineral exploration, the analytical material characterisation represents an impor-
tant factor in order to guarantee sustainable productivity and advantageous profits of
the associated mining activity by rising the efficiency and quality of mineral eval-
uation. Such a need gets crucial in many cases where high concentration deposits
were mostly exploited and only low concentration tails are available, as well as
for evaluating the possible convenience in re-activating mines abandoned along the
past. However, traditional petrographic and compositional analyses, which have been
mostly used to date, do not represent a suitable solution for the present specific mate-
rial characterization problems. These require much higher analytical efficiency and
lower costs than those of the traditional analytical techniques, such as microscopy,
ICP-OES/MS, XRD, and other. In all raw materials extraction and processing, there
is a need to perform in situ many analyses providing real-time results for prompt
evaluations of the mineral content.
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In this respect, CNR is focusing its activity within the KIC-RM in fostering a real
breakthrough in mineral exploration practice. To date, it coordinated the Network
of Infrastructure PIMAS “Portable Instant Mineral Analysis Systems” (2017–2019),
participated to the upscaling project InnoLOG “Innovative geophysical logging tools
for mineral exploration” (2017–2020, coordinated by CSIC, ES) and it is currently
involved in the upscaling project InSITE “In situ ore grading system using LIBS
in harsh environments” (2020–2023, coordinated by INESC TEC, PT). In all these
projects, the technical contribution by CNR has been focused on its recognized
excellence on laser-based techniques for material analyse and processing gained in
various field of applications, such as those of cultural heritage, surgery, and industrial
productions.

In PIMAS, a set of novel photonic sensors able to provide onsite and in situ real-
timemineral evaluations during exploratory operations,mining, and allow large-scale
characterization of raw material collections were investigated and tested in order to
introduce innovative services within the RM sector. In particular, CNR focused on
designing and testing LIBS “Laser Induced Breakdown Spectroscopy,” Raman spec-
troscopy, and optical setups, which were optimized in view of the practical analytical
needs. The former, which is based on the detection of atomic optical emission upon
excitation using a pulsed laser with high instantaneous power, can allow measuring
the elemental composition. The Raman technique, which exploits a well-known non-
linear scattering phenomenon of the monochromatic radiation, provides information
on molecular vibrational levels and hence on the crystal structure. Thus, such a laser
compositional approach can return the same type of information usually achieved
using the well-established XRF-XRD analytical combination but the technological
and analytical advantages it offers with respect to the latter are really significant.
Raman and LIBS instruments can be miniaturized, their use does not require any
sample preparation, allow high analytical speeds (up to some analyses/second and
some hundreds of analyses/second, respectively), and compositional micro-depth
profiling. Furthermore, LIBS calibration and/or suitable elaborations of the spectral
data it provides allow quantitative evaluations of the elemental contents.

By exploiting this significant potential, InnoLOG aimed at rising the effectiveness
of the exploration approach based on rapid borehole drilling and following character-
ization of its wall using suitable logging tools, against the alternative method based
on slow core collections and following laboratory analyses, which is time consuming
and closetful. Thus, it proposed to develop two novel tools based on hyperspectral
imaging (by CSIC, ES) and the mentioned laser spectroscopies proposed by CNR,
respectively.

Finally, the project InSITEhas been fully dedicated to develop novelLIBS systems
including robust technologies and advanced software based on artificial intelligence
routines for material analysis in harsh environments. Among the latter a versatile
portable device to be used in various operative scenarios and a LIBS equipment to be
installed on aROV for deep seamineral exploration are currently under development.
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Implementation

The mentioned NoI and upscaling projects have been implemented following a
similar strategy based on the examination of the practical analytical needs of the
RM sector, proposal of innovative laser-based and other photonic solutions, cali-
brations, and eventually validation of the whole in operative environments. Despite
general purposes, handheld LIBS and Raman spectroscopy devices are available on
the market, they cannot be considered as on-the-shelf tools for mineral exploration
and processing. The lack of suitable calibrations, low sensitivity, low repeatability, as
well unsuitable construction details provide insufficient reliability and limited versa-
tility. Thus, innovative solutions have been aimed at overcoming such limitations
and at developing dedicated tools, which are not available on the market. These have
been defined developed by exploiting the most advanced photonic components such
as diode lasers and diode pumped solid state (DPSS) lasers, miniaturized sensors,
and optical fibers and then tested in operative conditions.

Results

A new set of photonic instruments and related services to characterize and mapping
the chemical composition of minerals was developed and validated in the framework
of PIMAS and InnoLOG, in collaboration with the partnerships of these projects.
The main output of the former was a low-cost LIBS instrument (Fig. 4), to be used
both as hand-held tool and in scanning mode to reconstruct compositional imaging.

Fig. 4 Testing the LIBS prototype developed in PIMAS. (Color figure online)
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Fig. 5 Testing the novel hybrid Raman-LIBS Raman logging tool. (Color figure online)

Furthermore, other technologies combining LIBS with UV-NIR and fluorescence
spectroscopies were developed within the foreseen service activities of the NoI.

A significant breakthrough was achieved within InnoLOG with the development
and validation of an original hybrid Raman-LIBS logging system (Fig. 5) providing
the compositional mapping of borehole walls. A related patent application was
submitted and validation tests were carried out, in collaboration with the partner-
ship of the project. The prototype is equipped with a relatively narrow probe (2′′ ∅,
2.5 m length), umbilical and modules at the ground level. Presently, it can operate
down to 100 m depth but there are no relevant optical limitations to extend this limit
to 200 m and even more.

FREECATS

FREECATS (critical raw materials free catalysts) have been the “seminal” project
of CNR-SCITEC (former CNR-ISTM) research group, selected at the very first call
of EIT RawMaterials in 2016. The project was active for 36 months, from 1.1.2016
to 31.12.2018, with seven partners covering all corners of the Knowledge Triangle,
from five different EU countries.
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Aim and Objectives

FREECATS main aim was the setup of a Network of Infrastructure (NoI) capable of
providing a state-of-the-art service (trough a Single Point of Contact, a SPoC) with
the scope of supporting LEs and SMEs in the development of critical raw materials-
free* catalysts to be employed in various fields of industry, such as chemical industry,
energy, mobility, and cleantech. Reduction, recycling or elimination of CRMs as
active phase of the catalyst is critical for the economic feasibility and long-term
sustainability of many applications in the fields of energy and mobility. Moreover,
some recycled CRMs are not part of product/value chains and are not marketable.
The development of catalysts based on them will improve economics of recycling
processes.

Results

Among the results obtained during FREECATS activities deployment, it is worth
to highlight the collaboration with Bracco Imaging SpA, a leading Italian pharma
company. Bracco Imaging SpA was seeking new visible light-active photocatalysts
for the degradation of some by-products in its production chain. Under the leadership
of CNR-ISTM, FREECATS NoI joined forces and developed a series of iron- and
titanium-based photocatalysts prepared through simple synthetic procedures (Fig. 6)
that demonstrated to degrade pollutants in water under sunlight, thus meeting the
requests of the company. Noteworthy, the collaboration was selected by EIT RM and
included in “Success Stories” [17].

Indirect results of FREECATS had even more impact: a number of follow-up
projects stem from the very collaborative core network, including not only EIT RM

Fig. 6 Picture of the three photo-catalysts supplied to Bracco Imaging SpA. (Color figure online)
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projects (BloW UP [18] and RAISESEE [19]) but also H2020 MSCA-ITN project
BIKE [20], all coordinated by CNR-SCITEC.

Blow UP successfully transferred the NoI model to Balkan area (ESEE Countries
included in the Regional Innovation Scheme of EIT) for the desiloing of new waste-
derived rawmaterials and developing new applications. By focused capacity building
activities, by the inclusion of leading universities and research centers, BloW UP
resulted in the development of new materials derived from local mining waste: a
BiH patent has been submitted.
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Experimental Determination of Liquidus
Temperature and Phase Equilibria
of the CaO–Al2O3–SiO2–Na2O Slag
System Relevant to E-Waste Smelting

Md Khairul Islam, Michael Somerville, Mark I. Pownceby, James Tardio,
Nawshad Haque, and Suresh Bhargava

Abstract The recovery of valuable and critical metals from electronic wastes (e-
waste) via the pyrometallurgical route has some challenges including high processing
temperatures. Designing appropriate slag systems based on the major elemental
components in e-waste could bring operational advantages by lowering the liquidus
temperature. In this study, the quaternary slag system CaO–Al2O3–SiO2–Na2O was
investigated to determine the liquidus temperature and phase equilibria of slags rele-
vant to e-waste smelting. The slags were thermally equilibrated at different tempera-
tures inside a vertical tube furnace followed by rapid quenching. The quenched slags
were examined by SEM to observe the phase formed and the equilibrium compo-
sitions were determined using energy dispersive (ED) spectrometry. The liquidus
temperature of the slags in the anorthite (CaO·Al2O3·2SiO2) phase field was signif-
icantly decreased with increasing levels of Na2O. The slag composition moved
towards the pseudo wollastonite (CaO·SiO2) region upon the addition of Na2O.

Keywords Liquidus · Phase equilibria · E-waste · Smelting · Slag · Na2O · Flux

Introduction

Electronic wastes (e-waste) represent one of the fastest-growing and biggest waste
streams in the world with around 50 million metric tonnes generated annually across
the world [1, 2]. These wastes are a growing concern for every nation as they
require proper management to avoid the detrimental effects of contained hazardous
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substances. On the other hand, e-waste has the potential to be a great source of
secondary production of valuable and critical metals through recycling and recovery
of the valuable materials. This type of secondary metal production is also termed
“urban mining.” Although several proposed methods are available to process e-
wastes, so far, the pyrometallurgical technique seems to be the most-effective route
when implemented at an industrial scale [3]. The pyrometallurgical route has kinetic
advantages and can handle a large amount of feed compared to the alternative
chemical and/or biological routes of metal recovery from e-wastes.

Printed circuit boards (PCBs) form the major value component of most e-waste.
They contain valuable metals such as copper (Cu), gold (Au), silver (Ag), tin (Sn)
etc. Based on the contained compositions, the CaO–Al2O3–SiO2 (CAS) slag system
is the most relevant to the recovery of metals from waste PCBs [4]. The CAS system
is a highly refractory system requiring elevated temperatures to create a liquid slag.
However, alkali oxides such as Na2O added to the system presents a possible way to
reduce the liquidus temperature. There is little systematic information of the phase
equilibria in the CaO–Al2O3–SiO2–Na2O slag system although a few studies are
available which essentially focus on the physical, mechanical, and electrical prop-
erties of the glass (quenched slag) phase [5–7]. An earlier study focusing on the
glass-forming region of the CaO–Al2O3–SiO2–Na2O system reported phase equi-
libria with isoplethal sections at 5%, 10% and 15% Al2O3 and more than 50% SiO2.
The findings showed that with increasing Al2O3 content the primary phase field
of plagioclase (NaAlSi3O8, CaAl2Si2O8) expanded greatly, while that of sodium
disilicate (Na2O·2SiO2) decreased [8]. Zhang and co-workers [9] studied the phase
equilibria at liquidus temperatures of the pseudo ternary CaO·SiO2–Na2O·SiO2–
Na2O·Al2O3·6SiO2 slag system which is relevant to the applications of ash gener-
ated from the process of waste-to-energy combustion or incineration of municipal
waste. In addition, the effect of alkali oxides on the liquidus temperatures of slag
systems relevant to zinc and lead smelting has been studied [10]. However, because
of the very low contents of alkalis in these slags, the effect of only 1 wt% Na2O and
1 wt% K2O in the ZnO–FeO–Al2O3–CaO–SiO2 slags on the liquidus temperatures
and phase equilibria was determined. Hence, this did not provide a broader picture
in terms of the effect of alkali addition in aluminosilicate slags.

In this study, we have accurately determined the primary phases present and
measured the liquidus temperature of CaO–Al2O3–SiO2–Na2O slags at two different
CaO/SiO2 (C/S) ratios. The slag composition was chosen based on the contained
components of mobile phone PCBs. The final slag generated after smelting PCBs
contains around 45–55 wt% SiO2, 20 wt% Al2O3, and 25–35 wt% CaO [11].
However, the slag composition can vary significantly depending on the previous
processing steps (i.e., shredding, physical separation etc.), source and type of PCBs.
In the present work, Na2O was added to this slag system as a flux to lower the
liquidus temperature. The experimental technique involved equilibration of small
slag samples at the required temperature, subsequent quenching in a cold water bath
followed by optical and electron microscopy to identify the primary crystals and to
determine phase compositions.
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Experimental

Materials

Two master slags in the CaO–Al2O3–SiO2 system were prepared by melting reagent
grade Al2O3, SiO2, CaCO3 powders at C/S ratios of 0.3 (S100) and 0.6 (S200). The
required amount of CaO in the slag was obtained from the decomposition of pure
CaCO3. Na2CO3 was used to obtain the desired amount of Na2O at levels of 5, 10,
15, and 20% Na2O in subslags made from the two master slags (i.e., eight subslag
compositions in total). Platinum foil for containing the slags in the drop quench
experiments was supplied by Cookson Dental, UK.

Methods

The slags were equilibrated at high temperature in a vertical tube furnace and rapidly
quenched using a water bath situated at the open end of the furnace. In this way,
the high temperature structure and phase assemblage of the system were retained
through rapid solidification. The equilibrated and solidified slag samples were anal-
ysed with a Scanning Electron Microscope (SEM) equipped with an Energy Disper-
sive (ED) X-ray spectrometer for preliminary measurement of the composition of
crystal and/or liquid phases. The liquidus temperature of the slags was estimated
within an uncertainty range of 10–15 °C. An iterative approach was used which
started the quenching from a temperature at which the slag was completely liquid.
The experimental temperature was lowered in a systematic way before quenching.
After each temperature, the quenched samples were examined by SEM to identify
any solid phase precipitation. Based on the presence or absence of any solid phase, the
liquidus temperaturewas determined. The uncertainty range represents the difference
between the equilibration temperatures of the single liquid phase and the two-phase
(primary solid phase + liquid).

The procedure for studying the slag system is essentially divided into two parts:
these include (a) slag making and (b) drop quench equilibration testing.

Drop Quench Testing—Phase Equilibria Determination

Capsules made from thin platinum foil (0.025 mm thickness) were filled with 200–
300 mg of the slag mixtures and hung from the top of a vertical tube furnace by
platinumwires (0.5mmdiameter). The top end of the capsules was open and exposed
to the furnace (air) atmosphere. The sample was lowered to the hot zone in the centre
of the furnace tube. The length of the constant temperature hot zone was 3–4 cm. The
temperature of the samples was continuously measured by a B-type thermocouple
inserted in an alumina sheath. The Type-B thermocouple used in the experiments was
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calibrated against the melting temperature of pure copper and was shown to have an
accuracy of ±5 °C. The tip of the thermocouple was placed in the same zone where
the slag samples were located. The thermocouple and sample holder were inserted
through the top endcap and sealed, while the bottom endcap was closed with a thin
polypropylene sheet just touching with the water surface of the quenching bath. The
furnace arrangement for the drop quench test is schematically shown in Fig. 1.

Based on a procedure developed by Rait [12], the furnace was programmed to
heat to an initial temperature 100 °C above the experimental temperature at a heating
rate of 200 °C/hour. The samples were held for 30 minutes at that temperature to
completely melt and homogenize the molten slag. The temperature was then reduced
to 200 °C below the experimental temperature, held for 30 minutes before being
heated to the final experimental temperature. The samples were allowed to equili-
brate for 4–24 hours at the experimental temperature to complete the reaction. Once
the equilibration time was reached, the samples were released from the top holder

Fig. 1 Schematic diagram of the drop quench test furnace and experimental setup. (Color figure
online)
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Table 1 Chemical composition of the slags investigated determined via XRF

Sample
ID

Sum
(%)

Al2O3 (%) CaO
(%)

SiO2 (%) Na2O (%) C/S
ratio

Equilibration
time (hours)

S100 99.8 18.7 20.0 61.1 0 0.3 24

S105 99.8 17.8 19.1 58.0 4.9 0.3 24

S110 98.7 16.5 17.6 53.2 11.4 0.3 4

S115 99.5 16.1 17.3 52.8 13.3 0.3 4

S120 99.8 15.5 16.7 51.0 16.6 0.3 4

S200 99.7 19.1 29.6 51.0 0 0.6 24

S205 99.5 18.0 28.3 48.5 4.7 0.6 4

S210 99.4 17.1 26.9 46.1 9.3 0.6 4

S215 99.6 16.4 25.8 44.2 13.2 0.6 4

S220 99.3 15.7 24.8 42.3 16.5 0.6 4

to drop directly into the quenching bath to ensure rapid solidification. Achieve-
ment of equilibrium was confirmed by experimenting at different equilibration times
and analyzing the compositions of the phases present (solids and liquid). Prelimi-
nary experiments suggested that most slag compositions reached equilibrium within
4 hours, although some Na-free slags took longer to reach equilibrium and therefore
longer equilibration times were required (up to 24 hours).

The samples obtained from the drop quench tests were dried, separated from the
platinum capsules andmounted in epoxy resin. After standard grinding and polishing
of the resin blocks, the specimenswere examined using a SEM to determine the phase
assemblage and phases were quantitative analysed using ED X-ray spectrometry.

Confirmation of the Slag Composition

Compositions of the quenched samples of two master slags (S100 and S200) and the
eightNa-doped sub-slagswere analysed byX-rayFluorescenceSpectroscopy (XRF).
The compositions of the investigated slags are shown in Table 1. The resulting slag
compositions were close to the target composition and showed negligible Na loss
during melting. The composition of the two master slags and their primary phase
fields are shown in the ternary phase diagram in Fig. 2.

SEM–ED Analysis

The quenched slag samples were mounted in polymer resin blocks. These were
initially ground using SiC abrasive papers, finely polished with diamond suspensions
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Fig. 2 Ternary CaO–Al2O3–SiO2 phase diagram showing the composition of the two master slags
investigated [13]. (Color figure online)

of different particle sizes (6, 3, and 1 µm) and then finally with colloidal silica. The
polished samples were carbon coated before examination in the SEM to avoid charge
build up on the surface. A Bruker SEM equipped with an ED X-ray spectrometer
was used to investigate the microstructure and identify the phases present. The SEM
analysis was done using an accelerating potential of 15 kV with a working distance
of 10.0 mm. The preliminary compositions of the solid and/or liquid phases present
were measured by ED X-ray analysis.
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Confirmation of Equilibrium

Reaction at the experimental temperature was carried out for different times ranging
from 4 to 24 hours. It was observed that most of the slag samples reached equilibrium
in less than 4 hours. Some of the slags however, especially near the ternary eutectic
compositions, showed difficulties in crystallization and took a longer time to nucleate
and precipitate crystals. To ensure equilibrium was reached, two different measure-
mentswere done. Slag of a particular compositionwas equilibrated for different times
and the composition of phases at several locations were measured. For example, the
S200master slag was equilibrated at 1300 °C for 4 hours and 24 hours. The quenched
slag showed anorthite (CaO·Al2O3·2SiO2) crystals and a liquid phase. The average
liquid phase and solid phase compositions were comparedwith their respective phase
compositions from both the 4 and 24 hours equilibrated samples. The homogeneity
of the crystals and the liquid slag in different locations confirmed that equilibrium
was reached after 4 hours of equilibration, since after 24 hours equilibration time,
there was no significant variation in the composition of the individual phases. It
was therefore decided that 4 hours equilibration was sufficient for reaction to be
completed.

Results and Discussion

Primary Phase Identification

The slags were equilibrated at a range of temperatures to identify the liquidus
temperature. In all the samples, the composition of liquid and crystal phases in
equilibrium were determined. Anorthite (CaO·Al2O3·2SiO2) and pseudo wollas-
tonite (CaO·SiO2) primary phases in equilibriumwith the liquid slag were identified.
Figure 3a–f shows the representative microstructures of the primary phases in equi-
libriumwith the liquid. Figure 3a shows the microstructure of a slag quenched from a
pure liquid meaning the liquidus temperature of this slag was below the experimental
temperature from which it was quenched. The anorthite primary phase in equilib-
rium with the liquid phase (glass) is shown in Fig. 3b, f, while Fig. 3c–e shows the
precipitation of pseudo wollastonite coexisting with a liquid.

Microscopic observation of the quenched slag samples revealed the high-
temperature phases present. Sometimes the liquid phase and the precipitated solid
crystals had very similar compositions and were difficult to distinguish in BSE
imaging. A good balance of brightness and contrast and searching for crystals (if
any) throughout the whole sample surface was required to determine the presence
of crystals precipitated from the liquid. Such an example is anorthite in equilibrium
with liquid in the S100 sample at 1300 °C is shown in Fig. 3f. It was necessary to
use a very high contrast to distinguish anorthite from the matrix during examination
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Fig. 3 Representative Back-Scattered Electron (BSE) images of the quenched slags (a) only liquid
phase of sample S205 at 1300 °C (b) anorthite+ liquid phase of sample S200 at 1300 °C (c) pseudo
wollastonite + liquid phase of sample S205 at 1280 °C (d) pseudo wollastonite + liquid phase
of sample S215 at 1170 °C (e) pseudo wollastonite + liquid phase of sample S110 at 1244 °C
(f) anorthite + liquid phase of S100 at 1300 °C taken at high contrast

with SEM. However, at a very high contrast, the image can become noisy and a very
slow scan rate is required to obtain good quality images.

For the Na2O containing samples, at conditions close to the liquidus, the phase
fraction of solid crystals (pseudo wollastonite) was very low. Hence, it was necessary
to examine the whole specimen surface to find the crystals. In many samples, the
crystals were found near the platinum foil edges. These edges may create nucleation
sites for crystallization. Consequently, in many cases at or near the liquidus temper-
ature, the crystals were often found in gaps within the Pt foil while the rest of the
specimen was a homogenous glassy structure.

Estimation of the Liquidus Temperature

The drop quench test work required an iterative approach to liquidus determination.
For a particular slag composition,many tests were required to narrow the temperature
range between fully liquid samples and samples containing crystals. Fresh powdered
slag samples were used for every test run. In this study, the liquidus temperature for
the 8 different quaternary slag compositions within the CaO–Al2O3–SiO2–Na2O
system was experimentally determined. The liquidus temperature was estimated
within an uncertainly limit of 10–15 °C. For the two master slags S100 and S200,
the liquidus temperatures were determined to be 1320–1335 °C and 1335–1340 °C,
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respectively. The liquidus temperature of slag compositions midway between the
measured compositions can be estimated from the trends of the two series of slags.

Effect of Na2O on the Liquidus Temperature of Quaternary
Slag System

Generally, the liquidus temperature decreased with increasing Na2O content in the
slags of all compositions examined.However, the extent towhich the liquidus temper-
ature was affected depended on the C/S ratio of the bulk slag, the Al2O3 content,
and the primary phase field of the bulk slags. The main reason behind the lowering
of liquidus is the destabilization of the silica network due to the depolymerization
caused by Na2O incorporation [14].

The experimentally obtained liquidus temperatures of the master slags and the
eight Na-doped subslags were plotted against the Na2O content. The results are
shown in Fig. 4. The decline in liquidus temperature with increasing Na2O content
followed different trends depending on the C/S ratio of the slags and the primary
phase field of the starting composition. It was noted that the trend of decreasing
liquidus was greater for the S100 and S200 slag systems (C/S ratio 0.3 and 0.6 at
Al2O3 content ranging from 15.5 to 19.1 wt%). These ternary compositions lie in the
anorthite primary phase field of the ternary CaO–Al2O3–SiO2 (CAS) slag system.
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Fig. 4 The liquidus temperature of slags with varying Na2O content. (Color figure online)
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From Fig. 4, it can be seen that the liquidus temperature decreased to 1170 °C
when doped with 16.5 wt% Na2O for the slag series S100 (C/S ratio 0.3), while the
liquidus temperature of the S100 master slag without Na2O was around 1350 °C
[15]. This indicated a 180 °C reduction in the slag liquidus temperature due to
the incorporation of Na2O. The trend line of the liquidus for this series of slags
with varying Na2O showed a gradual and consistent decrease of the liquidus with
increasing Na2O content.

Similarly, with the S200 slag series (C/S ratio 0.6), where the bulk composition
before adding Na2O was in anorthite primary phase field, the liquidus temperature
followed a steady fall with increasingNa2O content. Here the lowest liquidus temper-
ature dropped to around 1100 °C at a C/S ratio = 0.6 and 15.7 wt% Al2O3 and 16.5
wt% Na2O. This was the lowest melting minerals such as albiteliquidus temperature
of the slag composition range investigated in this research.

The microstructure of the quenched slag revealed that the primary phase field
shifted from anorthite to pseudo wollastonite in the case of slags with C/S ratios of
0.3 and 0.6. Consequently, this shifted the primary phase field from a higher melting
temperature solid phase towards a lower melting solid phase.

Due to the gradual increase of Na2O in the bulk slag, the proportion of Al2O3

decreased for a fixed C/S ratio. This change in bulk composition shifted the equilib-
rium primary phase from anorthite to pseudo wollastonite for the S100 and S200 slag
series (Fig. 3b–e). The alkali oxide (Na2O) acts as a network modifier in the silicate
structure by breaking the covalent bonds between Si and O (bridging oxygen bonds)
and forming new ionic bonds between Na and O (non-bridging oxygen bonds). This
breakage of the silicate structure decreases the liquidus temperature of the resulting
silicate slags with increasing Na2O concentration [16, 17]. For slag samples in the
anorthite primary phase field with C/S ratios of 0.3 and 0.6, the effect of Na2O
addition was two-fold. One was from the change of primary phase field from anor-
thite to pseudo wollastonite and the other from the presence of higher Na2O in the
equilibrium liquid slag and depolymerization of the silicate networks. The lowering
of liquidus temperature with Na2O has also been shown by other researchers. For
example, in work on the liquidus of slags generated during high-temperature gasifi-
cation, the decrease in liquidus with increasing Na2O content of ash was attributed to
the shift in primary phase from the mullite primary phase field towards the formation
of low melting minerals such as albite and nepheline [18, 19].

The main reason for the decrease in the liquidus can be due to the change in the
primary phase field towards lower melting point solid phases with alkali addition.
The secondary reason is the effect of C/S ratio and hence the destabilization of
the silica network. The liquidus trend suggests a larger decrease of the liquidus
at higher Na2O contents (above 10 wt% Na2O) in the slag. Hence, doping with
higher than 10 wt% Na2O in the slags with C/S ratio 0.3 and 0.6 will decrease the
liquidus to a reasonable extent and potentially could be utilized in smelting PCBs
at a lower operating temperature. The lower liquidus temperature of the slags will
make it possible to design optimum smelting operations at these lower temperatures
bringing flexibility to the design and operation of smelters.



Experimental Determination of Liquidus Temperature … 275

Conclusion

The primary phase field was identified and the liquidus temperature was deter-
mined to within 10–15 °C for a range of compositions of the quaternary CaO–
SiO2–Al2O3–Na2O slag system by drop quench experiments followed by scanning
electron microscopy.

The primary phase field shifted from anorthite to pseudo wollastonite due to the
addition of Na2O into the ternary CAS slags with C/S ratios of 0.3 and 0.6. The
liquidus temperature significantly decreased with increasing Na2O content in the
CaO–SiO2–Al2O3–Na2O quaternary slag system. In the case of compositions in the
anorthite primary phase field with ternary CAS slag C/S ratios of 0.3 and 0.6, the
addition of Na2O up to 16.5 wt% lowered the liquidus temperature by around 150 °C
and 240 °C, respectively.

Accurate determination of the liquidus data reported in this study will enrich the
thermodynamic database of theCaO–SiO2–Al2O3–Na2O quaternary slag system and
help design efficient smelting operations involving this slag system. The significant
drop of the liquidus temperature with Na2O doping will reduce the operating temper-
ature in e-waste smelting using these slags. Lower smelting temperatures reduce
the overall energy consumption leading towards a potentially low-cost processing
technique to recover value metals from e-waste.
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Abstract Today some raw materials (RMs) have become essential in the manufac-
turing of common goods and technologies (i.e., mobile phones, computers, automo-
biles). Readily accessible rawmaterials, such as rare earth elements (REEs), indium,
neodymium, and others are important to industries and allow the transition towards
a low-carbon economy. With the future global resource use projected to double by
2030, addressing raw materials through the entire value chain becomes a priority
as well as transferring these ideas to youngsters. Some learning paths for pupils
from 10 to 18 years old were developed in the framework of a European project,
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and Technology (KIC EIT-RM). It aims to increase among youngsters the under-
standing of how RMs are needed in modern society and to make careers in RM
attractive. Thanks to a strategic European Partnership among the three sides of the
knowledge triangle (research, education, and business), RM@Schools has devel-
oped learning pathways where different educational approaches are used to foster
students’ interest in science and technology, in particular in circular economy, and
RM-related topics. The pathways are oriented toward a common goal: students are
guided to become Young RM Ambassadors (science communicators) and create a
“product” to be communicated outside of the class. By doing this, students develop
twenty-first century learning skills such as creativity, critical thinking, awareness of
responsibility, and teamwork.

Keywords Raw materials · Sustainability · Education · Schools · Science
dissemination

Introduction

The use of natural earth materials has been crucial to the development and advance-
ment of societies through time.Materials derived from the Earth’s crust are integral to
our daily life and have servedmany purposes in our development. In particular, many
of our current technologies (mobile phones, computers, automobiles), and sources
of renewable green energy (solar and wind) have become more and more reliant on
metals (i.e., REEs, indium, etc.).

Supply problems or limited availability of these RMs can prevent the development
and dissemination of renewable energy projects to address issues like climate change
and transition to a low-carbon economy [1, 2]. Raw materials are ranked according
to the economic importance of the material compared with the risk in accessing
the material (the supply risk) [3]. If the supply risk is high and the material has
high economic importance, then it will be considered a critical raw material for the
functioning of the European economy. This list can shift as supply risk or importance
change, for examplewhen sources formaterial are found or it is substituted by another
material.

Critical raw materials (CRMs) are essential for high-tech products and break-
through technologies [4]. For example, a smartphonemight contain up to 50 different
metals, all of which provide different properties such as lightweight and user-friendly
small size. In the photovoltaic sector, cadmium (Cd), germanium (Ge), gallium (Ga),
tellurium (Te), selenium (Se), and indium (In) are necessary for photovoltaic panels in
the cells that convert solar radiation into electrical current. Permanent magnets, used
in wind turbines, require neodymium–iron–boron high-strength magnets containing
three REEs: Nd—neodymium, Dy—dysprosium, and Tb—terbium, that are cate-
gorized as critical metals (CRMs). Electric and hybrid vehicles [5] also require a
large number of REEs in component sensors, electric motors, and generators, Liquid
Crystal Display (LCD) Screens, catalytic converters, glass, and mirrors.
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The prospect of doubling the global resources use by 2030, the priorities are to
address raw materials through the entire value chain (sourcing, use and recycling)
and to foster a change of mind-set in young people.

To trigger the students’ interest in raw materials and a sustainable society, several
learning paths for pupils aged 10–18 years were developed in the framework of Raw
Matters Ambassadors at Schools (RM@Schools), an European project funded by
the European Institute for Innovation and Technology (EIT), the largest consortium
in the raw materials sector worldwide [6, 7].

RM@Schools project is based on a successful national project, “Research
Language” (http://www.bo.cnr.it/linguaggiodellaricerca/), launched in Italy in 2003
by scientists of the National research Council of Italy, based on a close collaboration
among schools, scientists, and experts in science communication and dissemination.
EIT RawMaterials provided the necessary support to scale up this project so that it
can be successfully conducted in many countries.

RM@Schools was established in 2016 and became the flagship project in the
Wider Society Learning segment of the EIT RawMaterials in 2018 [8] and it will
run until 2022, due to its relevance as frontrunner project. Moreover, the project
has been selected in 2020 as an example of Responsible Research and Innovation
(RRI) project for its contribution to the ethics pillar, since it teaches on the utility and
indispensability of minerals and mining, focusing on the consequences of their uses
and production systems, the importance of the consumer’s behaviour, the effects of
consumption, as well as the recycling opportunities and the importance of research
for a transition towards circular economy.

The RM@Schools consortium includes scientific organisations from European
countries with expertise in the fields of raw materials and education (Fig. 1). It is
led by National Research Council of Italy (CNR) and works to develop cooperation
between the three sides of the knowledge triangle: research, education, and business
in order to introduce students to issues around the value of raw materials while
promoting new professional careers in this sector.

A network of research institutes, museums, and companies works together to
create attractive activities for secondary schools.

RM@Schools—Aim and Objectives

RawMatTERSAmbassadors at Schools (RM@Schools) is aWider Society Learning
project focused on an innovative program to make science education and careers in
raw materials attractive for youngster [8]. In the project name, “RawMatTERS,” the
key message resonates: raw materials are the key focus, whatever their origin and
“Tackling European Resources Sustainably (TERS)” underlines that it is necessary
to actively tackle the challenge ahead of us. Sustainability and the efficient use of
all natural resources are of central importance in everything we do. Achieving this
vision really matters to us.

http://www.bo.cnr.it/linguaggiodellaricerca/
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Fig. 1 RM@Schools Consortium (2019) [9]. (Color figure online)

The project offers an active learning to schools by RM Ambassadors (experts in
some RM-related issues and trained teachers) by involving students in experiments
with RM-related hands-on educational kits, in excursions in industries, and in science
dissemination activities [9].

Different educational approaches are used to foster students’ interest in science
and technology, in particular in circular economy and RM-related topics, but the core
element of the RM@Schools approach is to empower students to communicate with
peers and wider society about critical concepts related to rawmaterials and their use,
so the students are asked to become Young RM Ambassadors themselves (science
communicators).

Local Contests for awarding the best communication products as well as an annual
European Conference with delegates from European schools (students and teachers)
are annually organized.

In addition, teachers are trained to become RM Ambassadors themselves in the
future at school, and selected groups of students are trained on activities suitable to
be proposed during Public Events in order to work together with RM Ambassadors.
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Implementation

RM@Schools has developed a specific Learning Path Methodology and the learning
pathways cover thewholeRMsvalue chain fromgeology to electronicwastemanage-
ment, and a combination of educational approaches are used, such as frontal lessons,
open discussion, learning by doing, peer-to-peer education, creating communication
material and gamification [10–12].

Themain steps of the RM@Schools learning pathway (Fig. 2), addressed to pupils
aged 10–18 years, are the following:

1. Lesson—Itbegins by introducing the students to the relevant knowledge to under-
stand the topic. This can be done starting with a frontal lesson provided by
the teacher or a guest speaker or by working with resources (active-learning),
followed-up by a lesson. It should also involve a sharing of the personal expe-
riences of the students on the lesson’s topic and a final discussion. This can be
accomplished by using triggers, such as the smartphone example shown earlier.

2. Activity—Students are then engaged in a practical activity—laboratory experi-
ments, serious games, etc.—to support or extend their learning.

3. Visit—After the activity, students have the opportunity to visit a place that is
relevant to the lesson, so they can experience its impact in the real world.

4. Create/Communicate—Afterwards, the students are asked to communicate
what they have learnt through the creation of a product designed to promote
dialogue around a key message. This element has two major parts: (a) Create
and (b) Communicate. The teacher during this phase can use a guided- or a
student-centred approach. Different educational approaches such as teamwork,
peer-to-peer learning, cooperative learning, and gamification can be used in order
to foster creative thinking. Once students have developed a product (i.e., video,
comic, poster, lab activity, etc.), they are expected to share it within their school
and then in a larger community (Fig. 3).

5. Society—Students engagement with society can be done through participation
in public events such as science fairs and festivals. Students can also choose to
further engage with society through raising public awareness or taking social
action.

Fig. 2 The main steps of the RM@Schools learning pathway. (Color figure online)
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Fig. 3 (left) Development of a tutorial video by Liceo N. Copernico—Bologna, Italy; (right) stand
led by students from Bosnia and Herzegovina during a Public event. (Color figure online)

The learning paths are oriented toward the common goal of guiding students to
create a “product” to be communicated outside of the class. By doing this, students
develop skills such as creativity, initiative, critical thinking, awareness of respon-
sibility, and teamwork, in line with the Entrepreneurial Skills Pass document [13].
With the end goal of creating a communication tool targeting an external audience,
students are actively involved in the learning process.

Students benefit from such an approach more widely as the skills involved are
increasingly viewed as important skills in the workplace. Many jobs now require
creative thinking and communication skills, including positions in the world of busi-
ness and science. People usually think that creativity is an inbuilt talent, but it is not
entirely so. Aswith any skills, creativity can be nurtured in the classroomwith simple
strategies and practices that trigger creative thinking and provide opportunities for
communicative action. Ideas generate new ideas.

RM@School Hands-on Toolkits

Anactive learning approach is encouraged by involving students in experiments using
raw material-related hands-on educational toolkits and in communication actions.
These toolkits have been developed by the consortium’s experts, in some cases in
collaboration with schools where students have developed the lab activities as part of
their practical communication action targeting their peers and society around them
[9]. In Table 1, some activities available under Exploration and Mining Theme are
summarised as example.

Teachers can approach many topics within their curriculum using the concept of
critical rawmaterials as a springboard. The topic of rawmaterials can be investigated
from a science and technology perspective, but it can also be studied from a socio-
political or economic viewpoint.
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Table 1 Toolkits for schools available under the theme Exploration and Mining

Toolkit’s title Target age
(years)

Learning
objectives

Content Subject links

MineralCheck 10–19 Students
understand what
minerals are and
how to identify
them, how they
move between
biotic and abiotic
systems

Lab activity to test
types of minerals
and identify them

Geology;
Geography;
Chemistry;
Magnetism

RockCheck 10–19 Students
understand
relationship
between minerals
and rocks, learn the
rock cycle, identify
different rock types

Computer app and
detailed information
on rocks and rock
cycle

Geology;
Geography:
Chemistry;
Magnetism

RockGame—rock the
rock cycle

10–19 Students connect
minerals and rocks
with raw mineral
resources

Board game: board
template and cards
provided: need to
print out and
prepare

Geology;
Geography;
Chemistry;
Magnetism

RawMatCards 14–19 Students
appreciate the role
of minerals in
modern
technologies

Detailed
information for
each critical
element provided
for the teacher in
pdf form, printable
cards provided

Geology;
Geography;
Technology;
Economics

RAWsiko—materials
around us

12–19 Students
understand
relationship
between CRMs
and their
distribution in the
world, and the
CRMs’ strategic
importance for
many applications

Board game: board
template (based on
real RM distribution
world map) and
cards provided
Provides
information on why
CRMs are
economically and
strategically
important for the
European economy
and have a high risk
associated with
their supply

Geography;
Technology;
Economics

(continued)
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Table 1 (continued)

Toolkit’s title Target age
(years)

Learning
objectives

Content Subject links

RM@Art—colouring
with minerals

12–19 Students learn
about the usage of
ores and minerals
in everyday life
and as pigments

Lab activity to learn
about different
proprieties of
minerals and to
make their own
colours for painting

Geology;
Art

Fig. 4 Example of hands-on toolkit and tutorials available on the RM@Schools website (Keratin
extraction from wool waste for use in metal mining) by Liceo L. Galvani—Bologna, Italy. (Color
figure online)

Science Communication by Students

Encouraging students to communicate within their class and to other audiences is a
key part of their learning. In order to improve soft skills such as critical and creative
thinking, teamwork capability, etc., and promote inclusion of all individuals—all
talents necessary in science learning—students are asked to become societal Ambas-
sadors by creating dissemination, by giving discursive argumentation with “peers”
(“talking science”) and participating to public events as active players.

The final communication product developed can take several forms, i.e., (a)
making presentations, videos, surveys, posters, etc. (i.e. A treasure in my pocket—
click here); (b) Participating in public science dissemination events; (c) Developing
lab experiments for peers and creating tutorial videos with explanation, supporting
text, etc. (Fig. 4). Good examples of communication products and experiments
developed by students can be found on the RM@Schools website under “gallery.”

Results

The project becomes the flagship project in the Wider Society Learning segment of
the EIT RawMaterials in 2018, and every year involves a huge number of students
and teachers from high schools. The best results of the last years have been the
strengthening of the international collaboration among the Consortium, the strong
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Fig. 5 European Conference RM@Schools project during 2019, CNR Research Area, Bologna,
IT. (Color figure online)

enlargement of the European Network, and the major involvement of Young RM
Ambassadors not only at local but also at the European level.

Strengthening the European and Local Networks made possible to organise about
70 open-access events only in 2019 by involving about 16.000 people (generic public,
classes in our learning paths, teachers, etc.). Moreover, the dialogue with other coun-
tries, in particular, in the ESEE regions was opened thanks to the RM@Schools
inclusive action and from this dialogue a new project called RM@Schools-ESEE
was born (2020).

Finally, the European Conference, annually organised in Bologna (IT), is
connected with other EIT RawMaterials Projects (i.e., ESEE Education Initiatives,
BetterGeoEdu, SmartPlace@Schools, etc.) [14, 15] and involves delegates from 18
European countries and 500 participants. More than 70 young RM Ambassadors
from 14 Countries took part to the 2019 EU Conference (Fig. 5). This project’s
European Conference plays pivotal role in teaching science communication. It is not
only a very important celebration of work done by students but it also gives young
people the opportunity to meet their peers from the other countries and explain by
themselves on the stage what they have created in the framework of the project.

Feedback Survey

In order to evaluate the impact of the project among youngsters, a simple survey,
limited to the students’ prospective, was set up and the filled questionnaires were then
processed. The first question focussed on a general evaluation of the project. At the
item “How do you evaluate the RM@Schools project?” on a scale from 1 (“poor”) to
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Fig. 6 (left) Percentage distribution of approval scores to the project; (right) Distribution of the
“awareness about the raw materials” scores, before and after the project (absolute values). (Color
figure online)

5 (“excellent”), the mean score was 4.2 (d.s. 0.7). 90% of the respondents assigned
a high score (Fig. 6-left).

It is interesting to note the answers to the Item numbers 2 and 3: “How do you
evaluate your awareness about the existence of critical raw materials before partic-
ipating in RM@Schools project” and “How do you evaluate your awareness about
the existence of critical raw materials after participating in RM@Schools project”
respectively. Indeed, the evaluation of the awareness before–after the project signif-
icantly increased from “fair,” to “good.” The percentage of “excellent” and “good”
increases from 8.6 and 7.1 to 35.7 and 38.6, respectively, as shown in Fig. 6-right.

Conclusions

Rawmaterial is a great topic for students to investigate policy, consumerism, and the
interaction between economics, politics, and product use and development.

Education and awareness of the uses of raw materials can lead to changes in
governance as the values and the voice of citizens are listened to. By gaining a better
understanding of these complex issues, we hope that students will become respon-
sible and active citizens. Thus, the RM@Schools methodology could be helpful
in changing societal perceptions of RMs from “indifference” to “involvement and
responsibility” as well as for ensuring a next generation of well educated, innovative,
and multidisciplinary experts so much needed in 21st century industry.

References

1. Report on critical raw materials and the circular economy, https://ec.europa.eu/transparency/
regdoc/rep/10102/2018/EN/SWD-2018-36-F1-EN-MAIN-PART-2.PDF

2. Vidal O, Goffé B, Arndt N (2013) Nat Geosci 6
3. Frenzel M, Kullik J, Reuter MA, Gutzmer J (2017) Raw material ‘criticality’—sense or

nonsense? J. Phys D: Appl Phys 50, 123002 https://iopscience.iop.org/article/10.1088/1361-
6463/aa5b64/pdf)

https://ec.europa.eu/transparency/regdoc/rep/10102/2018/EN/SWD-2018-36-F1-EN-MAIN-PART-2.PDF
https://iopscience.iop.org/article/10.1088/1361-6463/aa5b64/pdf


How to Prepare Future Generations for the Challenges … 287

4. https://ec.europa.eu/growth/sectors/raw-materials/specific-interest/critical_en
5. https://www.universiteitleiden.nl/en/research/research-projects/science/cmlrare-earth-supply-

chain-and-industrial-ecosystem-a-material-flow-assessment-of-european-union
6. https://eit.europa.eu/
7. https://eitrawmaterials.eu
8. Torreggiani A, Zanelli A, Canino M, Sotgiu G, Benvenuti E, Forini L, Aluigi A, Polo E,

Lapinska-Viola R, Degli Esposti A (2020) RM@Schools: Fostering Students’ Interest in Raw
Materials and a Sustainable Society. In: 10th International conference the future of education
virtual edition, Firenze (Italy) virtual conference, 18-19/6/2020

9. http://rmschools.isof.cnr.it/
10. Tobin K, Fraser BJ (1990) What does it mean to be an exemplary teacher? J Res Sci Teach

27(1):13–25
11. Alsop S, Bencze L, Pedretti E (eds) (2005) Analysing Exemplary Science Teaching. Bell and

Bain Ltd, London
12. Colburn A (2003) The Lingo of Learning: 88 Education Terms Every Science Teacher Should

Know. NSTA Press, VA, Arlington
13. Entrepreneurial Skills Pass, https://www.wko.at/site/bildungspolitik/entrepreneurial-skills-

pass.pdf
14. https://www.bettergeoedu.com/
15. https://ecoceo.eu

https://ec.europa.eu/growth/sectors/raw-materials/specific-interest/critical_en
https://www.universiteitleiden.nl/en/research/research-projects/science/cmlrare-earth-supply-chain-and-industrial-ecosystem-a-material-flow-assessment-of-european-union
https://eit.europa.eu/
https://eitrawmaterials.eu
http://rmschools.isof.cnr.it/
https://www.wko.at/site/bildungspolitik/entrepreneurial-skills-pass.pdf
https://www.bettergeoedu.com/
https://ecoceo.eu


Part VI
V, Ce, Mo, Cr, and Fe



Transformation and Distribution
of Vanadium Phases in Stone Coal
and Combustion Fly Ash

Deng Zhi-gan, Tang Fu-li, Wei Chang, Fan Gang, Li Min-ting, Li Xing-bin,
and Li Cun-xiong

Abstract Stone coal is a kind of carbonaceous shale that contains vanadium. The
sequential chemical extractions were adopted to analyze the vanadium phases of
stone coal and its combustion fly ash. The results showed that the vanadium in
stone coal mainly consisted in aluminosilicate. The vanadium in fly ash mainly
existed in organic matter, aluminosilicate and Fe–Mn oxides, and the other vanadium
existed in exchangeable fraction. Through the burning process, the vanadium was
released and enriched in fly ash. Because of particular vanadiummigration behaviors,
the distribution of vanadium in phases became more scattered, and the leaching of
vanadium in fly ash was easier than that in stone coal.

Keywords Stone coal · Combustion fly ash · Vanadium phases · Sequential
chemical extraction

Introduction

Stone coal is a kind of carbonaceous shale that contains vanadium. In China, the
reserves of vanadium in stone coal are 1.18×l05 t in terms of V2O5, accounting for
more than 87% of the Chinese reserve of vanadium [1–5]. The mineral compositions
of stone coal are very complex, and the occurrence state and valency of vanadium are
diversified [6]. Most of the vanadium in stone coal exist as V(III), and the others exist
as V(IV) and V(V) [7]. Most of the vanadium in stone coal is exist in form of isomor-
phism in the lattice of mica. Trivalent vanadium (V(III)) substitutes for trivalent
aluminum (Al(III)) in the octahedron crystal lattice of mica minerals [8, 9]. In order
to utilize its contained calorific value, stone coal was widely used for power genera-
tion in south China. Vanadium is enriched in the fly ash, which could be exploited as
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vanadium resource [10–12]. During the fluidized-bed combustion process, phases of
vanadiumwill occur significant transformations, which determined the existing state
of vanadium in fly ash [13]. Vanadium in stone coal has organic affinity and mineral
affinity, and the migration of vanadium during combustion process depends on their
affinities and on the physical changes and chemical reactions [14–17]. Most of the
vanadium with low valency(V(III) and V(IV)) is oxidized to V(V) in high tempera-
ture and oxidizing atmosphere [18, 19]. After many mineral phases, transformations
during combustion, the inorganic minerals translate into fine fly ash (<250 um) [20].
Vanadium and other trace elements are released in form of volatiles and concentrated
in fly ash in the form of crystalline compounds [21].

The transformation of vanadium phases leads to a significant effect on leaching
vanadium from fly ash. Therefore, it is necessary to study the transformation behav-
iors of vanadium phases in combustion process of stone coal. The aim of this work
is to research the transformation of vanadium phases during combustion. In order
to determine the vanadium phases in stone coal and fly ash, an analytical method
put forward by A. Tessier et al. was adopted in this analysis[22]. Combined with the
characteristics of stone coal combustion and vanadium migration in fluidized bed,
the transformation behaviors of vanadium phases were determined.

Experimental

Materials

The stone coal and the fly ash in this study were collected from a power plant in
Sichuan Province of China. The main chemical compositions of the materials are
shown in Table 1. The content of vanadium in terms of V2O5 existing in stone coal
is 0.712%, and 1.137% in fly ash, and included a certain amount of iron, aluminum,
silicon in the stone coal and fly ash.

The analytical grade reagents in this study includedmagnesiumchloride, hydroxy-
lamine hydrochloride, hydrochloric acid, hydrogen peroxide, nitric acid, ammonium
acetate, acetic acid, sulfuric acid, and hydrofluoric acid. All aqueous solutions were
prepared using deionized water.

Table 1 Main chemical compositions of materials (mass fraction, %)

Materials Si Ca Al Fe Mg K Na V

Stone coal 19.74 0.043 3.81 2.32 0.041 0.77 0.29 0.39

Fly ash 31.77 11.88 4.98 5.21 0.059 0.76 0.002 0.64
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Methods

The appropriate chemical reagents could react with the specific minerals, and the
specific minerals would be disintegrated, which is the base of extraction of some
elements from minerals. An analytical procedure involving sequential chemical
extractions put forward by A. Tessier et al., which was adopted to analyze the vana-
dium phases in stone coal and fly ash. In the analytical procedure, the trace elements
were divided into five fractions: exchangeable, carbonates, Fe–Mn oxides, organic
matter, and others [22]. After the fluidized-bed burning process, carbonates were
almost disintegrated and existed barely in fly ash. It is not necessary to investi-
gate carbonates in vanadium phases analysis of fly ash. The flowsheet of vanadium
dissolution from stone coal and fly ash is shown in Fig. 1.

Fig. 1 Flowsheet of
vanadium dissolution from
stone coal and fly ash

Sample (2g dry basis) 

Residue 

(1) Dissolving vanadium 
from exchangeable fraction 

MgCl2

16mL, 1mol/L 

Residue 

(2) Dissolving vanadium 
from carbonates fraction 

NaOAc 
16mL, 1mol/L 

Residue 

(3) Dissolving vanadium 
from Fe-Mn oxides fraction 

NH2 OH-HCl 
40mL, 0.04mol/L

Residue 

(4) Dissolving vanadium 
from organic matter fraction

HNO3(6mL, 0.02mol/L) 
H2O2 (10mL, 30%) 

Residue 

(5) Dissolving vanadium 
from others fraction 

H2SO4 +HF  



294 D. Zhi-gan et al.

(1) Exchangeable. 2 g of sample was weighed for the experiments. The material
was extracted at room temperature for 1 h with 16 mL of magnesium chloride
solution (1 M MgCl2, pH 7.0) with continuous agitation.

(2) Bound to carbonates. The residue from (1)was extracted at room temperature for
2 h with 16 mL of 1MNaOAc (adjusted to pH 5.0 with acetic acid). Continuous
agitation was maintained.

(3) Bound to Fe–Mn oxides. The residue from (2) was extracted with 40 mL of 0.04
MNH 2 OH–HCl (in 25% (v/v) HOAc). The experiment was performed at 96
± 3 °C in water bath for 1.5 h with occasional agitation.

(4) Bound to organic matter. The residue from (3) was added 6mL of 0.02MHNO3

and 10 mL of 30%H2O2 (pH 2.0 with HNO3), and the mixture was heated to 85
± 2 °C in water bath for 2 h with occasional agitation. A second 6 mL of 30%
H2O2 (pH 2.0 with HNO3) was then added and the sample was heated again to
85± 2 °C in water bath for 3 h with intermittent agitation. After that, 10 mL of
3.2 M NH4OAc (in 20% (v/v) HNO3) was added and the mixture was diluted
to 40 mL and agitated continuously for 30 min.

(5) Others. The trace elements included in this fraction are stored in the mineral
crystal structures. Because it is difficult to break the mineral crystal structures,
the trace elements are difficult to be released. The residue from (4) was first
digested in a high-purity graphite cruciblewith a solution of concentratedHClO4

(4mL) andHF (20mL) to near dryness; then a second addition of HClO4 (2mL)
and HF (20 mL) was evaporated to near dryness. Finally, HClO4 (2 mL) alone
was added and the mixture was evaporated until the appearance of white fumes.
The residue was dissolved in 12 M HCl and diluted to 50 mL. Considering
HClO4 with the property of volatility and strong corrosivity, H2SO4 was adopted
in the experiment instead of HClO4.

Fly ash is the product of combustion, but is not original mineral, so it is necessary
to investigate the effects of time and temperature on dissolution of vanadium before
analyzing vanadium phases.

Results and Discussion

Effect of Time and Temperature on Dissolution of Vanadium
in Fly Ash

A series of experiments were carried out to determine the optimal conditions for
leaching fly ash. First of all, the suggested optimal temperature on original mineral
extractions was adopted to analyze vanadium phases in fly ash. Optimal condition
experiments on time were conducted, and then were optimal condition experiments
on temperature according to the optimal time. That is the suggested leaching temper-
ature for original mineral: room temperature (~20 °C) for exchangeable, 96 ± 3 °C
for Fe–Mn oxides, 85 ± 2 °C for organic matter. According to the investigation on



Transformation and Distribution of Vanadium Phases … 295

Fig. 2 Effect of time on
vanadium concentration in
extracting solution of
exchangeable fraction

time above, the optimal leaching time was chosen for carrying out the experiments
on temperature.

Effect of Time and Temperature on Leaching Exchangeable Fraction

The effect of leaching time on leaching exchangeable fraction was studied from
10 min to 240 min. The results are shown in Fig. 5, the leaching percent of vanadium
was increased with the leaching time from 10min to 30min, and the leaching percent
reaches the highest level after 30 min. After that, the leaching percent decreases
rapidly, and then to be slowly. The possible reason is that some precipitation reactions
take place in MgCl2 solution and generate some insoluble vanadium precipitation,
which leads to the decrease of vanadium concentration in extracting solution. 30 min
was chosen as the optimal leaching time in the subsequent experiments (Fig. 2).

Figure 3 shows the effect of temperature on leaching exchangeable fraction. As
Fig. 3, the leaching temperature exerted the influence obviously on the leaching
percent and the leaching percent of vanadium was increased with the rise of temper-
ature. The higher temperature could increase the speed of molecular motion and the
collisions between the vanadium atoms and leaching agent atoms [23]. It could be
inferred that the leaching reaction is a endothermic process and raising tempera-
ture could improve the reactivity of vanadium in exchangeable fraction. When the
temperature reached 80 °C under the condition of natural pressure, and the leaching
percent almost remains stable with the increase of temperature.

Effect of Time and Temperature on Leaching Fe–Mn Oxides Fraction

In order to study the effect of time on leaching Fe–Mn oxides fraction, the time was
varied from 0.5 to 12 h. The results are shown in Fig. 4. It could be concluded that
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Fig. 3 Effect of temperature
on vanadium concentration
in extracting solution of
exchangeable fraction

Fig. 4 Effect of time on
vanadium concentration in
extracting solution of Fe–Mn
oxides fraction

the leaching time was almost no influence on the leaching percent in Fe–Mn oxides
fraction. With the leaching time varied from 0.5 to 12 h, the vanadium concentration
in extracted solution almost remained stable. It could be thought that it is easy to
leach the vanadium from Fe–Mn oxides fraction by NH2OH–HCl, and 0.5 h should
be the suitable leaching time.

The effect of temperature on leaching Fe–Mn oxides fraction was studied from
40 to 93 °C (93 °C is the boiling point of water in Kunming). The results are shown
in Fig. 5. With the increased temperature, the vanadium concentration in extracting
solution almost remained unaltered. It could be considered that temperature almost
exerted no influence on the leaching percent. 60 °C was regarded as the optimal
leaching temperature.
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Fig. 5 Effect of temperature
on vanadium concentration
in extracting solution of
Fe–Mn oxides fraction

Effect of Time and Temperature on Leaching Organic Matter Fraction

Figure 6 shows the effect of time on leaching organic matter fraction. It could be seen
that it is easy to leach the vanadium from organic matter fraction, and the vanadium
concentration almost remained stable with the leaching time varied from 1.0+ 1.0 h
to 3.0 + 3.0 h. It could be thought that 1.0 + 1.0 h was the optimal leaching time.

Figure 7 shows the effect of temperature on leaching organic matter fraction.
It could be seen that temperature has a profound effect on increasing vanadium
extraction. From 40 to 70 °C, the leaching percent increases significantly with the
increase in temperature. When the temperature reaches 70 °C, the leaching percent
almost remains stable. In order to leach this part of vanadium completely, 90 °C was
chosen as the leaching temperature temporarily.

Fig. 6 Effect of time on
vanadium concentration in
extracting solution of organic
matter fraction
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Fig. 7 Effect of temperature
on vanadium concentration
in extracting solution of
organic matter fraction

Distribution of Vanadium in Stone Coal and Fly Ash

In order to analyze the phases of vanadium, the suggested sequential leaching condi-
tions were adopted to leach stone coal, and the optimal conditions which got from
3.1 were adopted to leach fly ash. The result is shown in Table 2.

It could be seen that the distribution of vanadium in stone coal was concentrated
relatively, and the vanadium mainly consisted in other fraction. According to some
researches [8, 9], this part of vanadium was mainly stored in crystal structures of
aluminosilicate. This part of vanadium was difficult to release, and the proportion of
vanadium reaches 77.28%. About 13.60% of vanadium consisted of organic matter;
the others vanadium consisted in exchangeable fraction, carbonates, and Fe–Mn
oxides. However, the distribution of vanadium in fly ash became more scattered. The
vanadium mainly existed in organic matter, aluminosilicate, and Fe–Mn oxides, and
a small part of vanadium existed in exchangeable fraction in the form of adsorption.
Because the proportion of vanadium in aluminosilicate varied from 77.28 to 29.48%,
it could be inferred that a large part of vanadium in aluminosilicate was released in
the burning process.

Table 2 Distribution of vanadium in stone coal and fly ash (mass fraction, %)

Exchangeable Carbonates Fe–Mn oxides Organic matter Others Total

Stone coal 2.70 0.92 5.50 13.60 77.28 100.0

Fly ash 8.02 – 23.59 38.91 29.48 100.0
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Transformation of Vanadium Phases in Combustion Process

In stone coal, the vanadium mainly consisted of aluminosilicate minerals, and
the other vanadium consisted of organic matter, exchangeable fraction, carbonates
and Fe–Mn oxides. During the fluidized-bed burning process, the decomposition
behaviors of vanadium minerals occurred as follows: The mineral crystal struc-
tures of aluminosilicate, such as vanadium mica, were destroyed; the organic matter
like vanadium porphyrin was burned and decomposed; the carbonates and Fe–Mn
oxides were decomposed and converted. During the decomposed process above,
the vanadium was released and oxidized to high valency [18, 19]. The vanadium
was volatilized from stone coal and concentrated into fly ash. The formation of fly
ash contained matter migration and multicomponent interactive reactions during the
burning process. The main composition of fly ash was anhydrite, Fe–Mn oxides, and
other organic matter.

In conditions of high temperature and strong oxidizing atmosphere, the vast
majority of V(III) and V(IV) were oxidized to V(V) [24].

A small part of vanadium could react with Na and Cl and generate NaVO3,
VOCl3, and Na3VO4 etc. [25]. These vanadium compounds were mainly consisting
in exchangeable fraction, which could be dissolved easily by water.

Vanadium with high valency could also react with Fe, Na, and Ca and generate
FeVO4, NaCaVO4, and Ca3(VO4)2 etc. [26]. These vanadium compounds could not
be dissolved easily by water.

Most of the vanadium in fly ash consisted of these unsolvable vanadium
compounds. During the fluidized-bed burning process, these unsolvable vanadium
compounds were concentrated in organicmatter, aluminosilicate, and Fe–Mn oxides.
As it is difficult to break the crystal structures of aluminosilicate, this part of vana-
dium is difficult to be leached. Through the burning process, a large part of vanadium
in aluminosilicate was released, which resulted in thatmost of the vanadium in fly ash
did not exist in the lattice structure. The distribution of vanadium in fly ash became
more scattered, and the leaching of vanadium in fly ash was easier than that in stone
coal. In order to extract vanadium from fly ash, some leaching agents such as sulfuric
acid, hydrochloric acid, alkali and ammonia could be used to dissolve the unsolvable
vanadium compounds.

Conclusions

(1) The vanadium in stone coal mainly consisted of aluminosilicate, and the other
vanadium consisted of organic matter, exchangeable fraction, carbonates, and
Fe–Mn oxides. The vanadium infly ash mainly exists in organic matter, alumi-
nosilicate, and Fe–Mn oxides, and a small part of vanadium existed in exchange-
able fraction. Through the burning process, the distribution of vanadium in
phases became more scattered.
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(2) During the fluidized-bed burning process, the mineral crystal structures of
aluminosilicate were destroyed, the organic matter was burned and decom-
posed, the carbonates and Fe–Mn oxides were decomposed and converted. The
vanadium was released and oxidized to high valency. Most of the vanadium
reacted with Fe, Na, and Ca and generates unsolvable vanadium compounds.
These unsolvable vanadium compounds were concentrated in organic matter,
aluminosilicate, and Fe–Mn oxides. The leachability of vanadium in fly ash was
better than that in stone coal.
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Solvo-Chemical Recovery of Cerium
from Sulfate Solution Using Cyanex 923
and Oxalate Precipitation

Sadia Ilyas, Hyunjung Kim, and Rajiv Ranjan Srivastava

Abstract The solvo-chemical recovery of Ce(IV) from sulfate leach liquor was
investigated using Cyanex 923 in kerosene. The quantitative solvation of Ce(IV)
could be achieved by performing three stages of counter-current extraction at an
organic-to-aqueous phase ratio of 2:3, while using 0.15 mol/L Cyanex 923 into the
organic phase. The spectroscopy analysis of the organic phase revealed the forma-

tion of solvated species
[
Ce(SO4)2

]
.2

[
Cyanex923

]
.[HSO−

4 ] into the organic phase.
Stripping of Ce(IV) in its reduced form as Ce(III) was conducted in H2SO4 +
H2O2 solution that yielding 1.3 g/L Ce(III) back into the aqueous phase. Finally,
the recovery of rare metal was conducted via Ce(III) precipitation with oxalic acid,
which exhibited different characteristics with changing temperatures. Precipitation
kinetics showed good fits to the Avrami equation, while the determined activation
energy (Ea, 8.6 kJ/mol) indicated to follow a diffusion-controlled mechanism.

Keywords Rare earth metals · Solvating extraction · Ce(IV)-Ce(III) conversion ·
Phosphine oxide mixture · Oxalate precipitation
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Introduction

The rare-earth elements (REEs) are a group of 15 lanthanides plus scandium and
yttrium that chemically exhibiting the similar properties [1]. They are becoming
strategically important in the transition to a low-carbon green economy due to
their inevitable role in lamp phosphors, permanent magnets, catalysts, rechargeable
batteries, and other applications [2, 3]. Given that the demand for REEs is continu-
ously soaring on contrary to its tightened export quota by China that supplies ~ 90%
of the global REEs production, confronting the worldwide supply crunch of REEs
[4]. Henceforth, the mining companies are actively seeking new exploitable reserves
of REEs while a few old mines are being reopened [5]. Traditionally, South Korea is
not known for REEs production but in the present geopolitical scenarios the country
is looking for the exploitable reserves and the development of indigenous technology
for the processing of vein deposit monazites (co-exists with iron ore mines) is high
on the agenda [6, 7].

Cerium is the highest occurring REEs in vein deposits [8] that can uniquely form
the higher oxide as Ce(IV)than other REEs exist in the trivalent form [9]. This
property presents the possibility of its prior separation easier than others [6]. The
most of cerium is currently extracted through the alkali roasting of monazite, which
consumes high energy and requires additional acid for neutralization [8]. Therefore,
the study on alternative processing route via H2SO4 digestion is timely especially
on its extraction and recovery behavior from the leach liquor. The application of
solvating extractant is one of the possible routes that can potentially be applied to the
extraction of cerium as Ce(IV) [6, 8]. Among others, Cyanex 923 is advantageous
to use in terms of its availability in liquid form and low aqueous solubility.

In the present study, we examined the extraction behavior of Ce(IV) from the
sulfate leach liquor of vein deposit Korean monazite using Cyanex 923 in kerosene.
Moreover, the recovery of its oxalate precipitates in its reduced formCe(III) was also
investigated with emphasis on kinetics and mechanism and the physical properties of
the precipitates. The extraction behaviorwith varying parameters (like concentrations
of Cyanex 923 and H2SO4, temperature, and organic-to-aqueous (O/A) phase ratio)
followed by strippingwere studied. Subsequently, the precipitation ofCe(III)-oxalate
was examined from the stripped liquor under the varying parameters of oxalic acid,
temperature, and time. The study will be useful not only to process the vein deposit
Korean monazite but also to achieve the desired precursor properties for making the
final product.

Experimental

A sulfuric acid processed stock leach liquor containing 890 mg/L Ce(IV), 32 mg/L
Y(III), 300 mg/L La(III), and 1.9 mol/L free acid was used in this study for investi-
gating the extraction behaviour with Cyanex 923 (sp. gr. 0.88 g/mL and purity, 93%
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supplied by Cytec (Canada). Distilled kerosene (Junsei Chemical Co), hydrogen
peroxide (purity 30%, Merck), sulfuric acid (purity 96%, Daejung), and oxalic acid
(purity 90%, Junsei Chemical Co.) were used without further purification. Unless
specified, the extraction studieswere conducted at anorganic-to-aqueous (O:A)phase
ratio of 1:1 by taking a 30-mL volume of each phase in a 100 mL separating funnel,
while maintaining the contact time (5 min), temperature (20 ± 2 °C), and settling
time (10min) constant. Metals’ concentrations were analyzed into the aqueous phase
for knowing the extraction efficiency into the organic phase through themass balance
of metals. Ce(IV)-loaded organic underwent for stripping after a water washing at an
O:A of 2:1. Thereafter, stripping was examined at different H2O2 concentrations into
sulfuric acid strip solution. The precipitation studies were conducted with 100 mL
(preheated at the temperatures range of 25–90 (±2)°C) stripped solution in a 250-mL
glass beaker. Solution pH was adjusted at 1.5(±0.2) by adding 20 (v/v) ammonia
solution and maintained at the agitation speed of 150 rpm. Then, the oxalic acid of a
predetermined concentration was introduced into the solution and contacted for the
desirable duration (up to 15 min). The slurry settled for 1 h was filtered and both
solid (after a water washing) and liquid stream (after proper dilution) were collected
for further analysis using an inductively coupled plasma spectroscopy (ICP-OES,
iCAP 7400 Duo, Thermo Scientific).

Results and Discussion

Ce(IV) Extraction with Cyanex 923

Effect of Extractant Concentration

Ce(IV) extraction with Cyanex 923 was investigated as a function of extractant
concentration into the organic phase varied in the range of 0.05–0.25 mol/L at an
O:A 1:1. Results in Fig. 1a depicted the progress in Ce(IV) extraction from 37

Fig. 1 Effect of extractant (a), and acid (b) concentrations on extraction of REEs. (Color figure
online)



306 S. Ilyas et al.

to 89%, which indicates for a shifting of distribution curve that solvating Ce(SO4)2
from aqueous solution to the immiscible phase [10, 11]. Under the studied conditions,
the co-extraction of Y(III) and La(III) showed an increasing trend with increasing
concentration of the extractant molecules, albeit very low as ~12% Y(III) and 8.2%
La(III). The extraction stoichiometric was determined by plotting the logarithmic
distribution of Ce(IV) [DCe(IV)] versus concentration of Cyanex 923. The slope value
with a R2 value >0.99 indicated that about two moles of extractant are required to
extract one mole of Ce(IV) species.

Effect of Acid Concentration

Furthermore, the extraction of Ce(IV) as a function of acid concentration varied in
the range of 0.2–2.0 mol/L H2SO4 was examined using 0.15 mol/L Cyanex 923 into
the organic phase. Results in Fig. 1b depicted a decline in Ce(IV) extraction from 89
to ~77%, while the co-extraction of Y(III) and La(III) could also decrease from 7.8%
to 2.1% and 14.2% to 4.4%, respectively. It indicates the competition between REEs
and bisulfate ions in higher acidic condition [12, 13]. The plot of log [DCe(IV)] versus
log [H2SO4] showed the participation of one mole acid with one mole of Ce(IV)
extracted into the organic phase. Furthermore, the spectral analysis showed a new
characteristic peak appeared for HSO4

– at 559 cm−1 (using FTIR technique) and a
new band appeared at 6.54 ppm assigned to the proton of HSO4

– (using 1H NMR
technique) [14]. This also supports the involvement of one mole of proton (as HSO4–

ion) with solvated species into the organic phase. Hence, the extraction reaction at
equilibrium can be written as:

Ce(SO4)2 + 2
[
Cyanex 923

] + HSO−
4 ↔ [Ce(SO4)2].2

[
Cyanex 923

]
.
[
HSO−

4

]

(1)

Extraction and Stripping Isotherms

In order to know the extraction isotherm of Ce(IV) with Cyanex 923, the volume
phase ratio was varied at different O:A from 1:4 to 4:1. Thus plottedMcCabe–Thiele
diagram (in Fig. 2a) revealed that the quantitative extraction can be achieved by three
stages of counter-current extraction at an O:A = 2:3. The validated loaded organic
at the steady-state yielded 1.3 g/L Ce(IV), which underwent to stripping studies. A
predetermined striping solution containing 2.0mol/L H2SO4+ 0.5 mol/L H2O2 was
contactedwith the loaded organic at variousO:A ratios from3:1 to 1:3. Thus obtained
data were used to draw the McCabe–Thiele diagram (Fig. 2b), which revealed that
the quantitative stripping can be achieved in three stages of counter-current at an
O:A = 3:2. The validation study yielded 1.9 g/L Ce(III) into the stripped solution
with an efficacy of >99%.
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Fig. 2 McCabe–Thiele diagrams for Ce(IV) extraction with Cyanex 923 (a), and Ce(III) stripping
with 2.0mol/L H2SO4+ 0.5 mol/L H2O2 (b)

Cerium(III) Precipitation with Oxalic Acid

Effect of Oxalic Acid Addition

The precipitation of Ce(III) sulfate with oxalic acid can be written as the following
reaction:

Ce2(SO4)3 + 3(H2C2O4) + xH2O → Ce2(C2O4)3.xH2O + 3H2SO4 (2)

Eh–pH diagram of Ce–C2H2O4–H2O system revealed that Ce2(C2O4)3 forms
at a wider pH range above zero, while oxalic acid exhibits two pKa values at 1.0
and 4.2 [8]. Hence, the concentration of acid becomes important factor, which was
determined under the varied concentration of oxalic acid in the range of Ce:H2C2O4

=1:0.5 to 1:5. Figure 3a depicted that a lowprecipitation (~23%) at the stoichiometric

Fig. 3 Effect of extractant (a) and acid (b) concentrations on extraction of REEs. (Color figure
online)



308 S. Ilyas et al.

dosage of oxalic acid. Then, the increasing dosage Ce:H2C2O4 could improve the
precipitation yields and ≥99% efficiency was obtained at Ce:H2C2O4 = 1: ≥ 10.

Effect of Precipitation Temperature

Furthermore, the precipitation was examined with different temperatures (25–90 °C)
as a function of time (in between 30 and 300 s). Figure 3b depicted that the progress
of precipitation improved with increasing temperature and prolong duration. The
precipitation showed a rapid complexation as ≥50% of Ce(III) could be precipitated
within 60 s. As an influential effect of temperature, >99% efficiency was obtained in
150 s at 90 °C, as compared with 300 s required at a lower temperature of 25 °C.

Precipitation Kinetics and Mechanism

Furthermore, the datawere used to get the information on the kinetics andmechanism
through the Avrami equation by plotting ln{–ln(1–x)} vs. ln(t) as the equation below
[15–17].

[ln{− ln(1 − x)}] = lnka + nln(t) (3)

where x= precipitation fraction. t = time in sec, ka = rate constant/sec, and n
= constant that reflecting the nature of phase transformation that reflected by the
intercept and slope values, respectively. The plots showed linear fits to the Avrami
equation with R2 values >0.99. The constant values (ka and n) obtained at different
temperatures are given in Table 2. The constant values of n were obtained to be <
1, indicating for an instantaneous nucleation and flakes-shape precipitation growth.
Whereas, the rate constant values (ka) were used to evaluate the apparent activation
energy (Ea) by the Arrhenius equation [18].

ka = Ae(
−Ea
RT ) (4)

where A = Arrhenius constant, R = the Universal gas constant (8.314 kJ/mol), T=
precipitation temperature (in K). The Arrhenius plot of lnka vs. 1/T (Fig. 4) exhibited
a linear plot with R2 value > 0.99. Thus obtained slope value was used to determine
Ea and calculated to be 8.6 kJ/mol, indicating that the precipitation of Ce(III)-oxalate
from the sulfate stripped solution follows the diffusion-controlled mechanism [18].
The progress of precipitation process can be understood via the diffusion of oxalate
ions onto the surface of Ce(III)-oxalated nuclei.
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Fig. 4 The Arrhenius plot of
lnka versus 1/T. (Color
figure online)

Conclusions

The solvo-chemical equilibria of Ce(IV) extraction with Cyanex 923 followed
by the precipitation kinetics of Ce(III)-oxalate has been demonstrated. The para-
metric optimization studies for Ce(IV) extraction showed an inhibited solvation
with increasing concentration acid while the degree of solvation gets improved
with increasing molecules of Cyanex 923 into the organic phase, forming[
Ce(SO4)2

]
.2

[
Cyanex923

]
.[HSO−

4 ] as the solvated species. The extraction and strip-
ping isotherms predicted by McCabe–Thiele plots were quantitatively validated in
counter-current contacts at an O:A = 2:3 and 3:2, respectively. Stripping solu-
tion containing 2.0 mol/L H2SO4+ 0.5 mol/L H2O2 could quantitatively enrich
1.9 g/L Ce(III) solution. The subsequent precipitation of Ce(III) was optimized
at a Ce:H2C2O4 ratio = 1: ≥ 10 with ~99% recovery. The precipitation kinetics
followed the Avrami equation with constant values that indicating instantaneous
nucleation growth followed by the flakes-shape morphology. The calculated activa-
tion energy (Ea, 8.6 kJ/mol) could underpin the precipitation mechanism involving
the diffusion-controlled phenomenon through the surface site saturation.
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Recovery of Molybdenum from Low
Concentration Molybdenum-Containing
Solution with Addition of Fe(III)

Bei Zhang, Bingbing Liu, Yuanfang Huang, Guihong Han,
and Shengpeng Su

Abstract Molybdenum (Mo) is a strategic metal element, and recovery of Mo from
low concentrationMo-containing solution is significant to alleviate theMo resources
shortage. In this study, the treatment of low-concentration Mo-containing solution
by Fe3+ addition was investigated by batch experiment, and the effects of main
parameters including molar ratio of n(Mo):n(Fe), pH value, initial concentrations,
and reaction time on the recovery of Mo were studied. The results showed that Mo
is precipitated rapidly, with a Mo recovery of 100% in 5 min when the pH range
is 4–6 and molar ratio of n(Mo):n(Fe) is greater than 1:3, indicating the reaction
between Mo and Fe readily approaches chemical equilibrium. Moreover, the initial
concentration of Mo in the solution has little influence on the recovery of molyb-
denum. This technology has potential to be applied for the enrichment and recycling
of molybdenum, while at the same time meeting the industrial discharge standard
for the effluent.

Keywords Molybdenum · Recovery · Precipitation · Fe(iii)

Introduction

Molybdenum, due to its high boiling point and high melting point, is an important
non-renewable strategic resource for developing new and high-tech technologies
[1–3]. Molybdenite (MoS2) concentrate is the material to produce molybdenum in
industry, and it is usually processed by pyrometallurgy [4–6]. In the process of
pyrometallurgy, molybdenite is oxidized and roasted to form calcined molybdenite
at 550 °C –560 °C [7], and then solvent extraction, ion exchange, and other methods
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are used for purification. During the process of purification, a small amount ofmolyb-
denum still exists in the solution, causing environmental pollution and resourcewaste
[8, 9].

Molybdenum can be hydrolyzed in solution at pH < 6, which can form a series of
hydroxides, such as HMoO4

−, H2MoO4, and etc. What’s more, Fe3+ can react with
MoO4

2− to form Fe2(MoO4)3, which was poorly dissolved in water. Furthermore,
Fe3+ can be hydrolyzed with the increase of pH value to form Fe(OH)2+, Fe(OH)2+,
Fe(OH)3, and etc. which can interact with anions to form various complexes by
electrostatic adsorption [10–12]. Pengfei Lin [13] et al. studied the treatment effect
of Fe(III) on molybdenum-containing wastewater, and the results showed that pH
had a great influence, and the optimal pH range was 4–4.5. Jiaxi Zhang [14] et al.
compared the results of recovering molybdenum by coprecipitation and adsorption
and concluded that the effect of coprecipitationwas better than that of adsorption.Yue
Ma [15] et al. investigated the effects of ferric chloride and poly-aluminum chloride
on the recovery of molybdenum under different pH values, and the results showed
that ferric chloride has the better effect than poly aluminum chloride in removing
molybdenum. However, the initial concentration of molybdenum used in the study
was low, which limited the application scope, and the obtained sediment has not been
further explored [13–16].

MoO2−
4 + H+ = HMoO−

4 (1)

HMoO−
4 + H+ = H2MoO4 (2)

Fe3+ + MoO2−
4 = Fe2(MoO4)3 (3)

In this paper, the removal of molybdenum from the solution by adding Fe(III)
was studied, as Formula (3). The influence of time, pH value, addition of Fe(III), and
initial molybdenum concentration were evaluated with respect to the concentration
of molybdenum. TheMo concentration in the solution was analyzed by the ICP–MS;
the properties of the precipitate were evaluated by SEM and particle size analysis.

Experimental

Materials

The molybdenum-containing solution used in this study was prepared by dissolving
sodiummolybdenumdihydrate (Na2MoO4.2H2O,TianjinYongdaChemicalReagent
Co., Ltd. China) in pure water. The Fe(III) as the precipitant was prepared by iron
chloride hexahydrate (FeCl3.6H2O, www.rhawn.cn). The concentration of Mo (VI)

http://www.rhawn.cn
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in the experimentwas determined byAvio500 inductively coupled plasmamass spec-
trometer (ICP-MS). The polarizing microscope produced by Karl Zeiss Company in
Germany was used to investigate the morphology and particle size statistics of the
sediments formed by the interaction between MoO4

2− and Fe3+. SEM was used to
detect the morphology, composition, and structure of the sediment.

Precipitation and Separation Process

The process flow chart is shown in Fig. 1. The HCl was added to the molybdenum-
containing solution with the initial concentration of 100 mg/L, to adjust the pH at 6
or below. After stirring for 30 min, the molybdenum in the solution was present as
polymer (MoO4

2−, HMoO4
−, H2MoO4). Fe(III) was added to the solution to form

Fig. 1 The process flow
chart of recovery
molybdenum with Fe(III).
(Color figure online)

Molybdenum-containing solution

Acidification

Acid solution

HCl

Chelating precipitateFe3+

Turbid liquidNaOH

Filtration Filtrate
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Roasting

Mixture of molybdenum and iron
(Fe2Mo3O12, Fe2O3)

(Temperature: 
800 )

Stage 1
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Fig. 2 The influence of
reaction time on precipitation
and transformation of
molybdenum radical.
(n(Mo):n(Fe) = 1:5; stirring
speed = 150 r/min; pH = 5;
25 °C)
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the polymer of molybdenum and iron (Fe2(MoO4)3), then the NaOH was added to
precipitate Fe(III) completely.

After 2 h of stirring and 5 min of standing, the precipitate settled at the bottom of
the container and the supernatant was presumed impurity free. Then the precipitate
and the supernatant can be separated by filtration. The supernatant was taken to
measure the molybdenum concentration, and the filter cake was roasted at 800 °C
for 2 h to obtain the mixture of molybdenum and iron.

Results and Discussion

Effect of Reaction Time

The precipitation kinetics ofmolybdenumat room temperaturewas studied by adding
300 mg/L Fe3+ to the initial concentration of molybdenum at 100 mg/L, at pH = 5,
and the results are shown in Fig. 2. It can be seen that the reaction can be complete in
a very short time (5 min) and the precipitation rate of molybdenum can reach 100%.

Effect of pH

The influence of pH on the precipitation transformation of molybdenum was investi-
gated at room temperature when the initial molybdenum concentrationwas 100mg/L
and the Fe3+ amount was 300 mg/L.

The pHhad a great influence on the precipitation conversion effect ofmolybdenum
in the solution. It can be seen from Fig. 3 that the precipitation conversion rate of
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Fig. 3 The influence of pH
on precipitation and
transformation of
molybdenum. (n(Mo):n(Fe)
= 1:5; stirring speed = 150
r/min; 25 °C)
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molybdenum was high under the weak acid and neutral conditions, while it was
opposite under the strong acid and alkaline conditions. When pH was less than 2,
there was no precipitation in the solution, as well as the precipitation conversion rate
of molybdenum was close to zero. At the time, as shown in Fig. 4(a), molybdenum
in the solution mainly existed in the form of MoO2+, while iron existed in the form
of Fe3+, which were free in the solution, so there was no precipitation. In case of the
pH > 2, the precipitation conversion rate of molybdenum increased with the increase
of pH value. At the time, the molybdenum existed in the solution beginning to form
the MoO3.H2O, which decreased the concentration of molybdenum. At pH > 3, the
precipitation conversion rate ofmolybdenumwasmaximal,which can reach to 100%,
therefore the reasons for this result may be that Fe3+ started to polymerize, forming
Fe(OH)2+, Fe(OH)2+ etc. in the pH = 3, as shown in Fig. 4(b), which can react
with molybdenum by electrostatic adsorption effect. Moreover, the molybdenum in
solution also polymerized into a variety of highly charged polymers that facilitated
electrostatic interactions. However, in condition of pH > 5, the precipitation rate of

(a) (b)

Fig. 4 Mole fraction of Fe and Mo in main species as function of pH value. (Color figure online)
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Fig. 5 Effect of Fe(III)
addition on the effect of
molybdenum precipitation
and conversion. (pH = 5;
stirring speed = 150 r/min)
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molybdenum decreased with pH increase gradually. This may be due to the fact that
when pHwas greater than 5,molybdenummainly existed in the form ofMoO4

2−, and
the electrostatic interaction decreased between positive and negative ions. Moreover,
with the continuous increase of pH value, the polymer of Fe3+ gradually presented
negative electricity,which inhibited the precipitation transformation ofmolybdenum.

Effect of Fe(III) Addition

Figure 5 revealed the influence of Fe(III) dosage on the precipitation conversion
effect of molybdenum when the initial concentration of molybdenum was 100 mg/L
at pH = 5. It can be seen that the addition amount of Fe(III) had a great influence
on the precipitation conversion rate of molybdenum. With the increase of the addi-
tion amount of Fe(III), the precipitation conversion effect of molybdenum gradually
strengthened. When the n(Mo):n(Fe) was 1:4, it reached equilibrium and peak value,
meanwhile the precipitation conversion rate of molybdenum was 100%. When the
n(Mo):n(Fe) was about 1:4, the Fe(III) addition amount was enough to completely
react with molybdenum to form precipitation, and if the addition amount of Fe(III)
continued to increase, there will be a relative surplus of iron ions. However, at pH=
5, Fe(III) was presented as iron hydroxide precipitation (Fe(OH)3) and can separate
from the solution, which had no great influence on the precipitation transformation
of molybdenum.
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Fig. 6 Influence of initial
concentration of
molybdenum on its
transformation effect.
(n(Mo):n(Fe) = 1:5; pH = 5;
stirring speed = 150 r/min)
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Effect of Initial Molybdenum Concentration

The effect of initial concentration of molybdenum on precipitation was investigated
under optimal conditions (pH= 5 and 300mg/L Fe(III)), and the results are displayed
in Fig. 6. It can be seen from the figure that, under the optimal conditions, the initial
concentration of molybdenum had no effect on its precipitation conversion effect,
and the precipitation rate was close to 100%.

Particle Size Distribution of Precipitation

In this paper, the precipitate, which generated from a solution with initial concentra-
tion of molybdenum of 100 mg/L by adding 300 mg/L Fe(III), was characterized by
the particle size at 100×magnification with the ratio of Temp 0.706034micron/pixel
with Carl Zeis polarizing microscope in Germany, the results are shown in Fig. 7.

As can be seen, the particle size was mostly concentrated in the range of 0–
24 µm; the particle size that accounted for about half of the total was between 6 and
12 µm, which was too small to be separated by filtration; consequently, high-speed
centrifugation should be adopted. At the same time, it was found that the sediment
can settle to the bottom of the solution after 30 min, and there were no fine particles
in the supernatant.

SEM Analysis of the Precipitation

SEM was used to characterize the morphology of molybdenum-iron sediment, and
EDS analysis was conducted on the sample to understand the main components of
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Fig. 7 Particle size analysis of the mixture of molybdenum and iron. (Color figure online)

the sample. The results are shown in Fig. 8. Figure 8a was the SEM diagram of
molybdenum-iron sediment at different magnifications, and Fig. 8b was the EDS
diagram of molybdenum-iron sediment.

It can be seen that the precipitate was covered with fine particles, and 0.5–1.5 µm
similar particles crystallized on the precipitation surface. From the EDS diagram
of molybdenum-iron sediment, it can be clearly seen that there were mainly three
elements Mo, Fe, and O in the sediment.

Conclusions

In this paper, ferric chloride was used as the precipitant to adsorb and remove molyb-
denum in the solution, and the process conditions were optimized. Phase analysis
and morphology characterization of the products were carried out by SEM to deter-
mine the experimental mechanism. At room temperature, in case of the pH = 5,
n(Mo):n(Fe) = 1:3 and stirring speed 150 rpm, the precipitation conversion rate of
molybdenum reached 100%. At the same time, Fe(III) was also completely removed
by precipitation. The precipitation particle size was mostly concentrated between
6 and 12 µm, which was difficult to separate. However, after resting for 5 min,
the precipitate settled and the supernatant transparent was colorless. This showed
that the sedimentation method can be used to separate the solid and liquid in the
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Fig. 8 a SEM image of themolybdenum-iron precipitate; bEDS of themolybdenum-rhenium-iron
precipitate. (Color figure online)



320 B. Zhang et al.

actual production process. In conclusion, it was feasible to remove the MoO4
2−

from solution with addition of Fe(III), and the method had a high removal rate of
molybdenum.
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An Effective Way to Extract Cr
from Cr-Containing Tailings

Jie Cheng, Hong-Yi Li, Shuo Shen, Jiang Diao, and Bing Xie

Abstract The high-chromium vanadium slag is treated by magnesium roasting-
acid leaching to obtain Cr-containing tailings, which are not the solid waste but
important valuable resources for various fields. In order to extract Cr from these
tailings, sodium carbonate as annexing agent mixed tailings was roasted and then
leached by water. There are several factors that were investigated including roasting
temperature, roasting time, the molar ratio of Na/(V+Cr), leaching time, leaching
temperature, and the ratio of L/S. The Cr-containing tailings before and after roasting
and the residue after leaching were characterized by XRD. It is indicated that Cr in
tailings was all entered into leaching solution due to residue not found Cr-containing
phase. Under the optimal conditions, the maximum leaching rate of Cr was 92.49%.

Keywords Cr-containing tailings · Extract · Leaching

Introduction

Cr is a precious resource, which is widely used in stainless steel, leather tanning and
electroplating, and electrolysis [1–4]. However, the Cr(VI) is very dangerous due to
high toxicity [2]. Previous studies have shown that Cr(VI) can enter the human body
through the respiratory tract and skin, thereby causing harm to the human body [5].
At present, the main raw material for extracting chromium in China is chromite ore
[6] which is roasted in air or oxygen and then leached in water to obtain Cr(VI) [7].
In this process, a part of the chromium enters the wastewater, which will cause harm
to the environment [8]. Moreover, the resources of chrome ore are limited in China.
Therefore, it is imperative to find a new raw material for extracting Cr(VI).

Cr-containing tailings, which are the residues obtained after the vanadium-
chromium slag roasted and leached to extract vanadium [9]. Recently, Cr-containing
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tailings have attracted more and more attention from researchers because these tail-
ings are a very precious resource that can be used to prepare ferrochrome [10].
However, at present, there was not found an effective way to deal with these tailings.

In this work, sodium carbonate roasting–water leaching method is proposed
to effectively extract Cr from Cr-containing tailings. The effects of roasting
time, roasting temperature, the molar ratio of Na/(V+Cr), leaching time, leaching
temperature, and the ratio of L/S on Cr extraction efficiency are investigated.

Materials and Methods

Materials

Cr-containing tailings are obtained from the vanadium chromium slag of Pan Steel
through magnesium oxide roasting—sulfuric acid leaching. Chemicals used (A.R.)
were purchased from Chron Chemicals, China. Table 1 and Fig. 1 show the main
chemical components and XRD of Cr-containing tailings, respectively.

Table 1 Chemical composition of the leaching residue (wt.%)

Fe2O3 V2O5 Cr2O3 TiO2 MnO MgO CaO Al2O3 SiO2 P2O5

45.49 5.72 9.25 11.59 4.03 8.27 1.09 5.25 25.30 0.096

Note All the iron oxides were counted in the form of Fe2O3 for content calculation

Fig. 1 XRD diffraction
pattern of Cr-containing
tailings. (Color figure online)
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Experimental Procedure

Sodium Carbonate Roasting

Sodium carbonate wasmixed with Cr-containing tailings (<74µm) in themolar ratio
of Na/(V + Cr) = 3.0–7.0 and pelletized. Then, the mixture is placed in the muffle
furnace and roasted at 1123–1323 K for 30–150 min, and the door of muffle furnace
was not completely closed to keep the sufficient oxidizing atmosphere. Then, the
roasted slag was cooled down and grounded to power.

Water Leaching

The roasted sample was leached with distilled water in a commercial magnetically
stirred water bath with L/S ratios of 4–12 mL/g at 303–343 K for 20–60 min at
the stirring speed of 200 r/min. The leaching liquor and residue were separated by
filtration. The extraction efficiency of Cr was calculated following Eq. (1):

Extraction efficiency (%) = CLVL/MCr × 100% (1)

where CL and VL denote the Cr concentration in leaching liquor and the volume of
leaching liquor; MCr denotes the Cr mass in roasted Cr-containing tailings.

Characterization

The chemical compositions of Cr-containing tailings were characterized by X-ray
fluorescence (XRF, Shimadzu XRF-1800, Japan). The phase compositions of Cr-
containing tailings before and after roasting and the residue after leaching were
characterized by X-ray diffraction analysis (XRD, Rigaku D/MAX 2500PC, Japan).

Results and Discussion

Sodium Carbonate Roasting

Effects of Sodium Carbonate Roasting Conditions on Cr Extraction

Figure 2 shows the effects of roasting temperature, roasting time, and the molar ratio
of Na/(V + Cr) on the extraction efficiency of Cr. It can be seen from Fig. 2 that
roasting temperature has the biggest effect on the extraction efficiency of Cr.
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Fig. 2 Influences of sodium carbonate roasting conditions on the extraction efficiencies of Cr
a roasting temperature; b roasting time; c Na/(V + Cr) molar ratio. (Color figure online)

As Fig. 2a shows, the extraction efficiency of Cr increased first and then decreased
with the increase of temperature, reaching the maximum value of 92.49% at 1223 K.
This is that the roasting temperature is not enough, which causes the chromium
phase to fail to completely react with the sodium carbonate, and the high roasting
temperature can cause the sintering of the roasted sample. Therefore, 1223 K was
selected as the optimal roasting temperature.

The effect of roasting time on the extraction efficiency of Cr is shown in Fig. 2b.
As roasting time increases from 30 to 90min, the extraction efficiency of Cr increases
from 68.79% to 92.49%. Continuing to extend the roasting time, the extraction effi-
ciency of Cr decreases. This is because the low melting point phases melt and wrap
on the surface of the chromium phase, which hindering the diffusion of oxygen and
resulting in a decrease in the extraction efficiency of Cr. Therefore, 90 min was
determined as the best roasting time.

In Fig. 2c, with the increase of sodium carbonate content, the extraction efficiency
of Cr increased first and then reduced, reaching the maximum value of 92.49% at
the molar ratio of Na/(V + Cr) = 6.0. The reason for the decrease in the extraction
efficiency of Cr is that the unreacted sodium carbonate melts and wraps around the
chromium phase, hindering the diffusion of oxygen. So, 6.0 was selected as the best
molar ratio.

Water Leaching

Effects of Water Leaching Conditions on Cr Extraction

Figure 3 shows the effects of leaching temperature, leaching time, andL/S ratio on the
extraction efficiency of Cr. In Fig. 3a, the leaching efficiency of chromium increases
with the increase of temperature, reaching the maximum value of 92.49% at 333 K.
This is due to that the solubility of sodium chromate in the roasted sample increases
as the leaching temperature increases. Therefore, 333 K was determined as the best
leaching temperature. It can be seen from Fig. 3b that the change of leaching time has
little effect on the extraction efficiency of chromium. Therefore, in order to save time,
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Fig. 3 Influences of water leaching conditions on the extraction efficiencies of Cr. a Leaching
temperature; b Leaching time; c L/S ratio. (Color figure online)

the leaching time was controlled to 40 min. In Fig. 3c, at a L/S ratio of 4.0 and 6.0,
the extraction efficiency of chromium was 65.66% and 74.92%, indicating that the
leaching kinetic conditions are insufficient. The extraction efficiency of chromium
reaches maximum value of 92.49% at a L/S ratio of 10.0. Therefore, a L/S ratio of
10.0 was selected as the optimal L/S ratio.

Phase Evolutions Before and After Leaching

Figure 4 shows the phase evolutions before and after leaching of roasted Cr-
containing tailings. In Fig. 4b, the major components of leaching residue are Fe2O3,
Fe2.75Ti0.25O4, Na1.8Mg0.9Si1.1O4, and NaFeTiO4, which can be returned to the
blast furnace for the iron-making process after removing sodium. Compared with
Fig. 4a, the diffraction peaks of NaCr2O4 disappeared after leaching, indicating that
chromium has been separated successfully.

Fig. 4 XRD patterns of a roasted Cr-containing tailings; b leaching residue. (Color figure online)
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Conclusions

In this work, an effective way to extract Cr from Cr-containing tailings by sodium
carbonate-water leaching was proposed. When the roasting temperature is 1223 K,
the roasting time is 90 min, the molar ratio of Na/(V + Cr)is 6.0, the leaching
temperature is 333 K, the leaching time is 40 min, and the L/S ratio is 10.0, the
maximum leaching efficiency of chromium can reach 94.29%.
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Study on the Enhancement of Iron
Removal in the Becher Aeration
by a Novel Tubular Reactor

Lei Zhou, Qiuyue Zhao, Mingzhao Zheng, Zimu Zhang, Guozhi Lv,
and Tingan Zhang

Abstract An aeration step of the Becher process was carried out in a novel tubular
reactor to study the effect of the tubular reactor on the removal of metallic iron. In
the tubular reactor, the influence of oxygen flow rate and stirring rate on the removal
of metallic iron in reduced ilmenite (RI) were studied and compared with the kettle
reactor. The results show that when the reaction system is 2% (w/v) ammonium
chloride solution, the optimal condition is that 97% of metallic iron (MFe) can be
removed from RI in 3 h. At the same time, the synthetic rutile (SR) obtained in the
tubular reactor has less iron oxide precipitated inside its particles. The grade of TiO2

can reach 87%.

Keywords Becher process · Tubular reactor · Aeration step · Reduced ilmenite ·
Metallic iron

Introduction

The rawmaterials in the industrial production of titaniumaremainly natural rutile and
ilmenite. The small reserves of natural rutile cannot meet the production demand [1].
Therefore, synthetic rutile produced from ilmenite occupies an increasing proportion
in the industrial production of titanium. The methods of producing synthetic rutile
successfully applied in the industry mainly include Benelite process [2], Austpac
process [3], Kataoka process [4], and Becher process [5]. The Benelite process uses
carbothermal reduction to convert iron into ferrous state, and then leaches and sepa-
rates it with hydrochloric acid. The Ausptpac process is to roast ilmenite at high
temperature to make it selective magnetization, then magnetic separation to remove
gangue, and finally leaching through hydrochloric acid. The Kataoka process is to
reduce the iron in ilmenite to ferrous state through reduction roasting, and then
separate it through a sulfuric acid leaching step. These three processes all separate
impurities through reduction roasting and high-concentration acid leaching, which
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causes high energy consumption and serious pollution. In the Becher process, low-
ash coal is used as a fuel and a reducing agent to mix with ilmenite, which is reduced
and roasted in a rotary kiln to reduce the iron in the ilmenite to metallic iron. In the
NH4Cl solution, metallic iron is oxidized and dissolved into the solution by aeration
to form fine iron oxide precipitates. The separated titanium-rich material product
undergoes acid washing to remove the remaining iron. Kataoka process employ.

The process of reduction roasting can be explained by the following reaction:

4FeTiO3 + O2 → 2Fe2O3 · TiO2 + 2TiO2 (1)

2Fe2O3 · TiO2 + 3CO → 2Fe + 2TiO2 + 3CO2 (2)

2FeTiO3 + CO → FeTi2O5 + Fe + CO2 (3)

The aeration step is essentially an electrochemical reaction, which can be
expressed as:

Fe → Fe2+ + 2e (4)

O2 + H2O + 4e → 4OH− (5)

Fe2 + diffuses into the solution and further oxidizes to form a precipitate:

2Fe2+ + 4OH− + 1

2
O2 → Fe2O3 · H2O + H2O (6)

The Becher process is carried out in a weakly acidic solution, and the wastewater
is neutral, which has environmental advantages [6]. In addition, iron by-products can
be used as raw materials for iron making. The disadvantage of this process is that the
reaction is slow in the aeration step. In the current industrial production, it may take
20 h to complete the reaction [7]. At present, some literature reports that some cata-
lysts can accelerate the rusting process. These catalysts include: ethylene dichloride,
acetic acid, citric acid, sucrose, anthraquinone derivatives, aldehydic compounds,
paraquat [7–11, 13, 14]. However, few researchers currently study the influence of
different reactors on the aeration process.

In this study, we conducted aeration experiments in a novel tubular reactor to
investigate the effect of oxygen flow on the reaction effect. This kind of tank reactor
draws on the experience of the continuous production of alumina [14]. This tubular
reactor was proposed and designed by the special metallurgy team of Northeastern
University. This kind of tubular reactor is still in the stage of testing in the laboratory,
we hope it can be applied to industrial production in the future.
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Fig. 1 Diagrammatic sketch of the tubular reactor. (Color figure online)

Experiment

Experimental Materials and Equipment

The reduced ilmenite used in this experiment was taken from a Chinese mining
company, and it was obtained by reduction roasting in a rotary kiln at 1100 °C. Other
reagents used in the experiment are of analytical grade.

The aeration experiment was carried out in a tubular reactor. The details of the
tubular reactor are shown in Fig. 1. The volume of the tubular reactor is 30L. The stir-
ring shaft, connecting rods, and blades of the tubular reactor are all hollow structures,
and the walls of the blades are all provided with small vent holes. The gas inlet is
connected with the stirring shaft, and the gas enters the reactor through the gas outlet
on the blade. The gas generates tiny bubbles in the reactor and is evenly distributed
throughout the liquid phase. At the same time, under the action of the rotation of
the stirring blade, the solid is uniformly suspended in the tubular reactor and fully
contacted with the gas, finally achieving a uniform distribution of gas–liquid–solid
three phase.

Experimental Method

Add 8 kg of reduced ilmenite and 16 kg of 2% (w/v) NH4Cl solution into the reactor
and mix, with a liquid–solid mass ratio of 2:1. Oxygen is introduced for aeration
reaction. In the experiment, samples were taken every 30 min, and the reaction
time was 4 h. Afterward, the synthetic rutile particles and the iron by-products are
separated, and the synthetic rutile particles and the iron by-products are respectively
suction filtered and dried in an oven at 150 °C for 3 h. The dried samples are tested
and analyzed.

The extent of metallic iron removal is obtained by calculation, the formula is as
follows:
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μ(% ) =
(
1 − ω1m1

ω0m0

)
× 100% (7)

whereω0 is the content ofmetallic iron in reduced ilmenite, m0 is themass of reduced
ilmenite, ω1 is the metallic iron content in the product obtained after the reaction,
and m1 is the quality of the product obtained after the reaction.

Analysis Method

X-ray fluorescence spectrometry (ZSXPrimusIV) was used to detect the content of
TiO2, TFe, SiO2, Al2O3, MgO, CaO, and Mn3O4 in the sample. The potassium
dichromate method was used to determine the content of metallic iron in the sample.
X-ray diffractometer (XRD) model D8 ADVANCE was used to characterize the
structure of rawmaterials and products. Use the scanning electronmicroscope (SEM)
of SU-8010 to analyze the surface microtopography of the sample. The BT-9300S
laser particle size analyzer was used for particle size analysis of the samples.

Results and Discussion

Sample Characterization

The composition of reduced ilmenite is shown in Table 1. It can be seen that the
reduced ilmenite contains 58.47% TiO2, 31.25% MFe, 2.31% FeO, and the metal-
lization rate is 92.78%. The particle size distribution of the sample is shown in Fig. 2.
About 80% of the particles have a particle size in the range of 93–311 μm.

The XRD pattern of reduced ilmenite is shown in Fig. 3. The phase composition
of the sample is mainly metallic iron, rutile (TiO2), and a small amount of pseu-
dobrookite (FeTi2O5). At the same time, Fig. 4 shows the micromorphology of the
raw material. (a) and (b) in the figure are the micromorphology under low magnifi-
cation and high magnification, respectively. The raw material particle is a spherical
ore particle with an irregular surface, which looks like a substance that has been
condensed after high-temperature melting.

Table 1 XRF analyses of raw material

Component (wt%) TiO2 MFea FeO TFeb CaO MgO Al2O3 SiO2 Mn

Sample 58.47 31.25 2.31 33.68 0.18 0.44 0.94 0.86 2.68

aMetallic iron (MFe); bTotal iron (TFe)
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Fig. 2 The particle size distribution of the reduced ilmenite. (Color figure online)
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Fig. 3 XRD diagram of reduced ilmenite. (Color figure online)

The Influence of Oxygen Flow Rate

In order to determine the influence of gas flow rate on the reaction rate of the ammo-
nium chloride reaction system, experiments with different gas flow rates were carried
out. The oxygen flow rate was set to 0.4 m3/h, 0.6 m3/h, and 0.8 m3/h. The stirring
speed is 250 rpm, the liquid-to-solid mass ratio is 2: 1. 2% (w/v) ammonium chloride
solution and reduced ilmenite are 16 and 8 kg, respectively, and the reaction time is
4 h.

The result of the change of metallic iron content is shown in Fig. 5. It can be seen
from Fig. 5 that as the gas flow rate increases, the time required for the corrosion
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Fig. 4 Picture of reduced ilmenite photographed by SEM, a Low magnification photos, b High
magnification photos

Fig. 5 The relationship of
metallic iron with oxygen
flow and time in the tubular
reactor. (Color figure online)
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reaction is shortened. When the gas flow rate is 0.8 m3/h, the metal iron content
has been reduced to below 1% in only 3 h, and the metal iron removal rate is 97%.
According to reports, in a typical Becher process, the removal rate of metallic iron
in the middle and late stages of the reaction is very low, only less than 50% [13].
This is because metal iron is oxidized to form a passivation film during the aeration
process to block the reaction.

In this experiment, after 4 h of reaction, the content of TiO2 and TFe is shown in
Fig. 6. It can be seen from the figure that after 4 h of reaction, the TFe in the product
is reduced to about 4.3%, and the TiO2 in the product reaches about 86.7%, which
shows that there is no obvious passivation phenomenon during the aeration process.
This is the reason why the metal iron removal rate in the late stage of the reaction is
not as low as reported in the tubular reactor. The stirring effect of the tubular reactor
is much stronger than that of the tank reactor, which will strengthen the out-diffusion
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Fig. 6 The relationship
between the main element
content and the oxygen flow
rate and time. (Color figure
online)
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rate of Fe2+ in the particles, reduce the residence time of Fe2+ inside the particles,
and reduce passivation.

Characterization of Product

The XRD pattern of synthetic rutile is shown in Fig. 7. The main phase of synthetic
rutile is rutile (TiO2) with a small amount of pseudobrookite (FeTi2O5). Figure 8
shows the microscopic surface of synthetic rutile. Compared with reduced ilmenite,
synthetic rutile has an irregular surface aftermelting disappears andbecomes a porous
structure, which should be caused by the removal of metallic iron in the particles.
This also shows that the molten structure on the surface of reduced ilmenite is mainly

Fig. 7 XRD patterns of
synthetic rutile. (Color figure
online)
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Fig. 8 Picture of synthetic rutile photographed by SEM, a Low magnification photos, b High
magnification photos

metallic iron. The porous structure reduces the mechanical strength of the particles,
making them easily broken.

The particle size distribution of synthetic rutile is shown in Fig. 9. It can be
seen that the particle size distribution of the titanium-rich material becomes more
concentrated after rusting, which is due to the metal iron reaction on the surface of
the material and the collision of the stirring paddle with the material to break the
particles. The iron by-product produced during the aeration is reddish-brown, and
the XRD pattern is shown in Fig. 10. The iron by-product is a mixture of iron oxides
(γ-FeOOH, α-Fe2O3).

Fig. 9 Particle size
distribution of synthetic
rutile. (Color figure online)
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Fig. 10 XRD patterns of
iron by-product. (Color
figure online)
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Conclusion

In the tubular reactor, the aeration efficiency is the highest under the conditions of
2% (w/v) NH4Cl aqueous solution, oxygen flow rate of 0.8 m3/h, and stirring speed
of 250 rpm. At 3 h, the removal rate of metallic iron in reduced ilmenite reached 97%.
At the same time, the content of TiO2 and TFe reached 86.6% and 4.2%, respectively,
without the passivation in the traditional Becher process.
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