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Preface

Rare Metal Technology 2023 is the proceedings volume of the tenth symposium on
Rare Metal Extraction and Processing, TMS Annual Meeting & Exhibition 2023,
held at the San Diego Convention Center & Hilton San Diego Bayfront, San Diego,
California, USA from March 19 to March 23, 2023. This symposium is spon-
sored by the Hydrometallurgy and Electrometallurgy Committee and the Recycling
and Environmental Technologies Committee of the TMS Extraction and Processing
Division.

Rare metals have been attracting increasing attention over the past ten years;
consequently, the number of participants in this symposium has been increasing.
Recently, the efforts to achieve carbon neutrality have accelerated the development
of clean technologies on an international level; therefore, the demand for rare metals
has been increasing. However, the grade of rare metals in ores is declining, and
the energy consumption and CO2 emissions in mining and extraction processes are
increasing. Therefore, the development of new process technologies has become an
urgent requirement.

The Rare Metal Extraction and Processing Symposium has been organized to
provide a forum for the discussion of the extraction process of rare metals from
primary and secondary materials and residues as well as processing techniques used
in rare metal production and mineral processing since 2014. The rare metals gener-
ally discussed in this symposium are antimony, bismuth, barium, beryllium, boron,
calcium, chromium, gallium, germanium, hafnium, indium, manganese, molyb-
denum, platinum group metals, rare earth metals, rhenium, scandium, selenium,
sodium, strontium, tantalum, tellurium, titanium, and tungsten, which are rare metals
that are produced in low-tonnage compared to high-tonnage metals such as iron,
aluminum, copper, lead, tin, zinc, and silicon.

The papers in this volume cover process development, process optimization,
product characterization, environmental impacts, and plant engineering. Further-
more, the papers discuss various processing techniques for mineral beneficiation,
separation, extraction, and purification of rare metals, which are based on biometal-
lurgy, hydrometallurgy, pyrometallurgy, electrometallurgy, and other new extractive
metallurgy techniques.
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vi Preface

I would like to express my sincere gratitude to the co-organizers (co-editors) for
their efforts to organize symposiums and edit the proceedings volume Rare Metal
Technology 2023: Kerstin Forsberg, Gisele Azimi, Shafiq Alam, Neale R. Neelameg-
gham, Hojong Kim, Alafara Abdullahi Baba, Hong Peng, and Athanasios Karama-
lidis. In addition, on behalf of the organizers (editors), I would like to acknowledge
the TMS staff, Kelly Markel, Matt Baker, and Patricia Warren, for their assistance
in assembling and publishing this proceedings book. Finally, I would like to thank
all the authors, speakers, and participants of this symposium and hope that we can
continue to create a good forum for discussion to advance the field of rare metal
extraction and processes in the next year and beyond.

Takanari Ouchi
Lead Organizer
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Rare Earth Elements Extraction
from an Ionic Clay from South America

Gisele Azimi, Lingyang Ding, and John Anawati

Abstract Ionic clays (an important resource for rare earth elements (REEs)) are
formed by natural weathering of REE-bearing minerals and adsorption of liberated
REEs onto the clay surface. Most ionic clays around the world including those from
southern China mainly contain light REEs. Here, a unique ionic clay from south
America which is rich in heavy REEs, including dysprosium (Dy), is used as the
feed. A desorption process using ammonium sulfate as the lixiviant is developed.
The effect of operating parameters including lixiviant concentration, pH, liquid-to-
solid ratio, and temperature is investigated, and optimum conditions are determined.
The characterization results show that this ionic clay comprises threemodes of REEs,
including ion exchanged REEs physically adsorbed on the surface, hydrolyzed REEs
chemically adsorbed on the surface, and mineralized (non-desorbable) REEs within
the clay. Mechanistic investigations show REE desorption/adsorption is controlled
by the pH and sulfate ions in the system.

Keywords Ionic clay · Rare earth elements · Desorption · Ammonium sulfate

Introduction

Rare earth elements (REEs) are a group of critical materials that are in increasingly
high demand around the world. According to the United States Geological survey,
in 2021, the global production of rare earth oxides (REOs) was estimated at 280,000
tons and the four top producers were China (168,000), the USA (43,000), Myanmar
(Burma) (26,000), and Australia (22,000) [1]. The global production was increased
by 16.6% compared with 2020 (240,000 tons REO) [1]. REEs are widely utilized
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in various industrial applications, including clean energy, defense, aerospace, auto-
motive, and electronics. Manufacturing permanent magnets is the single largest and
most important end use for REEs, accounting for 29% of the forecasted demand
in 2020 [2]. Permanent magnets are a critical component of modern electronics
used in cell phones, televisions, computers, automobiles, wind turbines, jet aircraft,
and many other products. Because of their unique magnetic, catalytic, and spec-
troscopic properties, REEs are used in many other applications such as catalysts
(20%), polishing (14%), metallurgy (9%), batteries (8%), glass (8%), ceramics (3%),
phosphors (0.6%), and pigments (0.4%) [2].

Among all REEs, the demand for some like dysprosium and terbium (that are
categorized under heavy rare earth elements) could become extremely challenging
considering the sharp increasing demand for electric vehicles. It is predicted that
dysprosium demand will rise by 2600% compared with 700% of neodymium within
the next two decades. Currently, China is the sole supplier for dysprosium and
terbium. Therefore, it is highly desirable to find alternative producers for these
elements around the world.

Conventional REE ores contain REEs as either carbonate ((REE)(CO3)F) or phos-
phate ((REE)PO4) minerals. These ores require processing with concentrated acids
(H2SO4, HCl) or bases (NaOH) at elevated temperatures, for example acid baking–
water leaching process [3]. An alternative to conventional REE ores is a resource
traditionally found in southern China, called ionic clay. Ionic clays are formed by
natural weathering of REE-containing parent rocks, which results in themobilization
of REE ions, and their adsorption on the clay surface.

There are two potential mechanisms for REE adsorption on the clay surface:
physisorption through cation-exchange mechanism and chemisorption through
surface complexation. The former is pH- and temperature-independent in which the
REE3+ ions electrostatically adsorb on negative binding sites on the clay surface.
These negative binding sites are produced by charge imbalances caused by the
isomorphous substitutions of aluminum (Al3+) and silicon (Si4+) sites in the crystal
structure of the claywhich ismade of aluminosilicates (Al2Si2O5(OH)4).On the other
hand, the surface-complexation adsorption mechanism is pH-dependent in which the
REE3+ ions complex with the clay surface through a hydrolysis reaction with ampho-
teric hydroxyl groups ([ionic clay]–OH) at the edges of clay platelets [4]. Among
the two mechanisms, the cation-exchange mechanism is the dominant mode of REE
adsorption on ionic clays. The physiosorbed REEs through this mechanism can be
desorbed by cation exchange with lixivinat of monovalent or higher valent salts
(ammonium [NH4

+], sodium [Na+], lithium [Li+], cesium [Cs+], and magnesium
[Mg2+]). The chemisorbed REEs can be desorbed by H3O+ from acid; hence, they
require mild acidic conditions of pH 3–4. After desorption, REEs can be separated
from the solution and purified using selective precipitation, solvent extraction, or ion
exchange.

In this study, an ionic clay from South America is acquired. The clay is char-
acterized to obtain the mineralogy and composition. A progressive acidification
process is used to determine the ratio of different REE occurrence modes (physi-
cally adsorbed, chemically adsorbed, and mineralized). A desorption process using
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ammonium sulfate as the lixiviant is developed. The effect of operating parameters
including lixiviant concentration, pH, liquid-to-solid (L/S) ratio, and temperature is
investigated, and optimum conditions are determined.

Materials and Methods

Reagents

The ionic clay sample was obtained from a deposit in South America. The clay
was mixed, dried, and crushed to < 2 mm. Sulfuric acid (H2SO4, 95.0–98.0 wt%,
VWR) and ammonium sulfate ((NH4)2SO4 > 99.0 wt%, VWR) were used for exper-
iments. Deionized water (0.055 μS, millipore) was used for solution preparation.
Certified multi-element standard stock solutions (inorganic ventures) were used for
calibration of inductively coupled plasma–mass spectroscopy and–optical emission
spectroscopy (ICP–MS/OES).

Compositional and Mineralogy Characterization

For determining the composition of the ionic clay, it was digested with lithium
metaborate/tetraborate fusion (Li2B4O7:LiBO2:LiBr flux, 23 gflux/gsample, 1050 °C,
9 min, Claisse LeNeo fluxer) followed by dissolution in nitric acid (5.6 wt% HNO3,
42 mL/gsample+flux, 25 °C). The digests were diluted to 100 mL with deionized water
and filtered with 0.45 μm nylon syringe filters. The concentration of bulk metals
(sodium, magnesium, aluminum, potassium, calcium, manganese, iron) and REEs
in the digests were measured using inductively coupled plasma optical emission
spectrometry (ICP-OES, PerkinElmer Optima 8000) and inductively coupled plasma
mass spectrometry (ICP-MS, Thermo Scientific iCAP Q). For mineralogical charac-
terization, the samples were characterized with X-ray diffraction (XRD—2θ: 5–70°,
scan rate: 1.25°/min, Rigaku MiniFlex 600 Diffractometer).

Desorption Procedure

A sample of 5 g of the clay was analyzed with a moisture analyzer (Torbal, AST120)
to determine its humidity. Then, 50 gof the claywasmixedwithwater and (NH4)2SO4

at a controlled pH (in the range of 1–3, maintained within ± 0.1 of the setpoint by
periodic additions of 20% H2SO4 solution. To determine the liquid-to-solid (L/S)
ratio, the initial humidity of the clay was considered, and the amount of liquid was
calculated based on themass of the dry clay. Based on kinetic investigation performed
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outside of this study, 20 min residence time was selected for all the experiments.
Agitation rate was set at 200 rpm. After completion of the experiment, the slurry was
vacuum filtered with Whatman grade 3 filter paper. The wet filter cake was sampled
(5 g) for humidity measurement. The remaining wet filter cake was subjected to an
identical desorption step (D2) with fresh (NH4)2SO4 and water. The water amount
added was adjusted based on the retained water in the wet filter. Following D2
desorption, without removing the filter cake from the vacuum funnel, the cake was
sampled for humiditymeasurement, and the remaining cakewaswashedwith 200mL
of deionized water (W). The filtrate after desorption 1 (L1), desorption 2 (L2), and
washing (LW) were sampled with a syringe and filtered using a syringe filter and
dilutedwith 5wt%HNO3 for stabilization. The concentration of REEswasmeasured
with ICP-MS and that of impurities was measured with ICP-OES.

The elemental fractional (%) desorption (extraction) at each process step and the
overall desorption (D1 + D2 + W) were calculated using the mass and humidity
of feed solid, elemental composition of the feed, measured recovered volume and
concentrations of the filtrates, and calculated extractions of the previous steps of
the process. Desorption for each step was defined as the ratio of the mass of REE
recovered in the filtrate to the mass of REE introduced into the system by the solids.
The RE mass in the filtrate was determined by ICP-MS (CICP-MS) and the recovered
volume of liquor (V). The mass of the solids was determined from the mass of wet
solids, the REE composition in the dry feed clay, the humidity of the wet solids, and
the fractional desorption of the previous step. The desorptions inD1, D2, andW steps
was combined to calculate the cumulative desorption of each step (Eqs. (1–3)). The
cumulative desorption of step W corresponds to the total desorption of the process,
and the absolute desorption (mgRE/kgdry IC) can be determined using Eq. (4).

%extraction cumulative,D1 = %extraction,D1 (1)

%extractioncumulative,D2 = %extraction,D1 + 100%×
(
1− %extraction,D1

100

)(
%extraction,D2

100

)

(2)

%extraction cumulative,W = %extraction,D1 + 100%×
(
1− %extraction,D1

100

)(
%extraction,D2

100

)

+ 100%×
(
1− %extraction,D1

100

)(
1− %extraction,D2

100

)(
%extraction,W

100

)
(3)

[
DesorptionRE,n

mgRE
kgdryIC

]
= %extractioncumulative,n

100%
×

[
REcompositionindryore

mg

kg

]
(4)

where %extraction is fractional extraction (desorption), CRE is REE concentration,
and DesorptionRE,n is absolute desorption for step n (n = D1, D2, W).
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Results and Discussion

Characterization Results

The ionic clay sample was characterized to determine its chemical composition and
mineralogy. Table 1 presents the average elemental composition of the clay, and
Fig. 1 presents the XRD diffractogram.

The REE elemental composition of this South American ionic clay is unique since
it has high light REE content including lanthanum, cerium, and neodymium as well
as yttrium. Cerium does not typically adsorb on the clay; thus, its high concentration
suggests that this clay contains some non-adsorbable REEs locked within minerals
such as monazite in the clay crystal structure. Another unique characteristic of this
clay is that it is rich in heavy REEs such as dysprosium. TheXRD results showed that
the crystal structure of the clay consists of clay mineral halloysite (Al2Si2O3(OH)8),
the serpentine mineral cronstedtite (Fe3(FeSi)O4(OH)5), and quartz (SiO2).

Desorption Results

In this study, the effect of pH, ammonium sulfate concentration, temperature, and
L/S was investigated. The baseline conditions were selected as pH 3, 0.15 M ammo-
nium sulfate, 25 °C, and L/S of 3/1 mL/g. To investigate the effect of temperature,
desorption experiments were performed at 45 °C and other conditions were kept at
the baseline conditions. To investigate the effect of L/S, desorption experiments were
performed at L/S of 4/1 and other conditions were kept at the baseline conditions. To
investigate the effect of ammonium sulfate concentration, desorption experiments
were performed at 0, 0.15, 0.25, and 0.5 M, while other conditions were kept at
the baseline conditions. To investigate the effect of pH, desorption experiments were
performed at pH 0, 1, 2, and 3, while other conditions were kept at the baseline condi-
tions. The fractional desorption of total REEs inD1,D2, andW steps and total extrac-
tion efficiency for all the experiments are presented in Table 2. The corresponding
values for thorium (Th) and uranium (U) are also presented.

As shown in Table 1, decreasing pH from 3 to 0 increases the total REE extraction
efficiency because at lower pH, more chemisorbed REEs can be desorbed from the
surface of the clay. However, decreasing pH results in higher thorium extraction
because lower pH could break the crystal structure of the clay and liberates thorium
from the minerals.

It can be observed that REE extraction efficiency is very low when no ammonium
sulfate was in the solution since ammonium ions are required to desorb REE3+ ions
from the clay surface. However, increasing ammonium sulfate beyond 0.15 M did
not show a positive effect on the REE extraction efficiency which means 0.15 M is
higher than the minimum required ammonium sulfate to extract all desorbable REEs
from the clay.
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Fig. 1 XRD diffractogram of the ionic clay sample

Increasing temperature to 45 °C had a positive effect on the REEs extraction effi-
ciency. However, running the process at temperatures higher than room temperature
requires energy and increases the capital and operating costs of the process. Thus, it
needs to be considered during the design process to identify the revenue gain if the
process is performed at higher temperatures.

Increasing L/S ratio to 4/1 mL/g had a positive effect on the REE extraction
efficiency. However, running the process at a higher L/S ratio would require larger
equipment and higher reagent consumption which would also result in higher capital
and operating costs. Hence, it needs to be considered during the design process to
identify the revenue gain if the process is performed at higher L/S ratio.

Progressive Acidification Experiment for Determination
of REE Occurrence Modes

As previously mentioned, the REEs in this ionic clay occur in three different modes,
i.e., (i) electrostatically adsorbed onto permanent negative sites on the clay surface;
(ii) chemically bonded (hydrolyzed) onto free hydroxyl (R-OH) sites on the clay
surface; and (iii) mineralized within REE-containing minerals such as monazite.

In this study, we conducted an experiment to determine the percentage of each
REE occurrence mode within the ionic clay. Two types of tests were performed,
one in the presence of 0.15 M (NH4)2SO4 and one without (NH4)2SO4. The slurry
containing the clay and lixiviant in both tests was subjected to H2SO4 addition, and
the pH of the slurry was decreased from the neutral pH of clay plus lixiviant to
zero. By comparing the desorption efficiencies at the two conditions, contributions
from the different REE occurrence modes were calculated. Figure 2 presents the
desorption efficiency of dysprosium as a representative heavy REE. In this figure,
for experiment with 0.15 M (NH4)2SO4, the pH 5.0 point corresponds to the clay
slurry with no added acid or (NH4)2SO4 and the pH 4.5 point is the solution after
0.15 M (NH4)2SO4 addition.

The pH independent ion-exchange desorption mechanism that corresponds to
physically adsorbed REEs is observed in the pH range of 5.0–4.5 where an imme-
diate increase in desorption efficiency was observed upon addition of (NH4)2SO4
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SAMPLE Dy Th Al

Ionic clay

Fig. 2 Progressive acidification plots for dysprosium, thorium, and aluminum. Dysprosium is a
representative REE. Thorium is a marker for the dissolution of (REE,Th)PO4 minerals, and Al
represents the co-extraction of adsorbed Al and the dissolution of the clay minerals

which was not observed in the experiment with no (NH4)2SO4 addition. Further-
more, in addition to the REEs, very small amount of Aluminiumwas also electrostat-
ically adsorbed, desorbing with (NH4)2SO4 addition. The dissolution of monazite
((REE,Th)PO4) minerals occurred below pH 3, as shown by thorium extraction,
which is not expected to adsorb on the clay surface. In the pH range of 3 to 5, the
extraction of dysprosium was enhanced with decreasing pH, but only in the exper-
iment with (NH4)2SO4, which suggests that the extraction cannot be attributed to
simple H3O+ exchange. This behavior can be explained by the chemisorption mech-
anism and complexation with the SO4

2− counter ions. The hydrolyzed REE3+ ions
are cleaved by H3O+, but only when sufficient SO4

2− ions are present in solution
to stabilize them, forming RE(SO4)+ and RE(SO4)2− complexes, with the sulfate
ion behaving as a monodentate ligand [5]. Moreover, the degradation of the clay
minerals (halloysite: Al2Si2O5(OH)4 and cronstedtite: Fe3(Si1.4Fe0.6)O5(OH)4) to
which REE3+ ions are adsorbed, was observed at lower pH, which resulted in
co-extraction of aluminum.

The results presented in Fig. 2 show the importance of controlling pH during the
desorption of this ionic clay. Decreasing pH results in higher extraction of REEs;
however, pH must be kept above 3 if co-extraction of thorium must be avoided.
The contributions of the three REE occurrence modes were quantified. The initial
concentration of REEs in the starting solution (water+ ionic clay) corresponds to the
amount of water soluble REEs in the clay, which is almost zero. The proportion of
physically adsorbed REEs was determined as the area between the starting solution
(pH 5) and the solution with added ammonium sulfate but no pH adjustment (pH
4.5), as given in Eq. (5). The chemically adsorbed fraction was determined as the
area between the solution with only ammonium sulfate (pH 4.5) and the point at
which mineral dissolution started (pH 3.07) (Eq. (6)). The desorbable fraction is the
sum of the physically and chemically adsorbed fractions (Eq. (7)). The mineralized
fraction was determined as the area between the onset of mineral dissolution (pH
3.07) and the total REE content of the clay (Eq. (8)). It should be noted that although
dissolution of the mineral phases begins at pH < 3, this dissolution accounts for a
small amount of the total REEs in the clay, which require highly acidic conditions
at elevated temperature to fully dissolve (for example acid baking–water leaching).
The values of the three REE occurrence modes are presented in Table 3.
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Table 3 Calculated REE occurrence modes in the ionic clay for dysprosium

Sample Dy: Total
mg/kg

Dy: Physically
adsorbed (%)

Dy: Chemically
adsorbed (%)

Dy:
Desorbable
(%)

Dy:
Mineralized
(%)

Ionic clay 94.1 32.85 7.52 40.37 59.63

Physically Adsorbed (%) =
(
x(NH4)2SO4 − xNatpH

)
xMax

× 100% (5)

Chemically Adsorbed (%) =
(
xpH3 − x(NH4)2SO4

)
xMax

× 100% (6)

Desorbable (%) = Physically Adsorbed (%)+ ChemicallyAdsorbed (%) (7)

Mineralized (%) =
(
xMax − xpH3

)
xMax

× 100% (8)

where x is extraction in mg/kg and xMax is the total REE content in the clay. The
mineralized (%) is based on the total amount of REEs that can be digested by alkali
fusion (Table 1), and this fraction extends beyond the value presented in pH range
of 0–3 in Fig. 2.

Conclusions

Adesorption process is developed to extract REEs from a South American ionic clay.
Ammonium sulfate was used as the lixiviant under controlled pH using sulfuric acid.
The effect of operating parameters including pH, ammonium sulfate concentration,
temperature, and L/S ratio on total REE extraction was investigated. It was found
that ammonium sulfate is necessary for the extraction, but beyond 0.15 M, the REE
extraction remains constant which indicates 0.15 M is higher than the minimum
required to extract all desorbable REEs. Decreasing pH was found to increase REE
extraction; however, decreasing pH below 3 resulted in the co-extraction of thorium.
In this project, the objective is to have zero radioactivity; therefore, it is decided to
perform the experiments above pH 3. Increasing temperature and L/S ratio both had
a positive effect on REE extraction, but they both increase the operating and capital
costs, and the potential revenue gain must be considered during the design step to
identify if the higher values are preferred.

Author Contributions G. A. conceived and supervised the research and wrote the manuscript. J.
A. and L. D. designed and performed the experiments and analyzed the results.
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Leaching of Neodymium from Recycled
NdFeB Magnet Powders Using Citric
Acid

Srujan Rokkam, Quang Truong, Jonas Baltrusaitis, and Manoj Silva

Abstract Rare Earth Elements have grown in importance over the years because of
their applications in electronics, rechargeable batteries, renewables, and the defense
industry. The recycling of neodymium and dysprosium contained in NdFeBmagnets
from the End-of-Life electronics will improve the total supply of neodymium and
dysprosium in the future. However, due to the use of expensive and hazardous acids
(hydrochloric or sulfuric), no mature and economically feasible technologies have
been identified for recycling NdFeBmagnet powders. The extraction process utilizes
a two-stage process. TheNdFeBpowders go throughwet ballmill grinding to pretreat
with sodiumhydroxide (NaOH) solution to form rare earth hydroxides. The rare earth
hydroxides then go through leaching in mild acids. The leaching efficiencies of HCl
and citric acid were investigated. As a result, a leaching efficiency of 69% for Nd
and 100% for Dy was achieved after 60 min of milling with 3.5 mL of 4.0 M NaOH
and 60 min of leaching with 100 mL of 0.5 M citric acid into the solution phase.
Subsequently, 100% of iron (Fe) content can be removed out of the solution. Finally,
neodymium and dysprosium can be separated using multi-stage acid stripping. This
work resulted from an SBIR Phase I program funded by The U.S. Defense Logistics
Agency, Contract SP4701-19-P-0048, awarded to Advanced Cooling Technologies,
Inc. (ACT).

Keywords Rare earth elements · Recover REEs · NdFeB · Permanent magnet ·
Industrial electronic waste · Leaching

Introduction

Rare earth elements (REEs) have grown in importance over the years. Neodymium
(Nd) and dysprosium (Dy) have become two of the most critical materials in the
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Rare Earth Element group because of their applications in electronics (smart phone,
high-definition display), rechargeable batteries, permanent magnets, and defense
applications. Over the next 25 years, Nd and Dy demands are projected to rise
by 700% and 2600%, respectively [1]. Due to the absence of primary deposits and
economical means of producing REEs, some of the countries are looking at recycling
of REEs from industrial residues, end-of-life electronics and magnet scraps [2]. The
recycling of REEs, namely Nd and Dy contained in NdFeB magnets from the End-
of-Life electronics, will improve the total supply of REEs in the future and promote
a circular economy of REEs by minimizing waste that is environmentally hazardous.

The state-of-the-artmethods for recovery of neodymium (Nd) andother associated
REEs (Pr, Dy, Tb) through different types of metallurgical processes can be cate-
gorized as: hydrometallurgical, pyro-metallurgical, or their combination [3]. Pyro-
metallurgical method is a high-temperature extraction technique where the magnet
scrap is treated with either a molten metal, a molten salt, or a molten oxide slag.
During the process, the Nd in themagnet is dissolved, while iron and boron stay unre-
acted as a newmolten ferrous alloy.However,most of the pyro-metallurgicalmethods
are applicable to only highly concentrated magnet scrap. These methods involve the
use of high temperatures to melt the alloys, thus making the process too energy-
intensive to be environmentally sustainable. For low-concentration magnet scrap,
subsequent hydrometallurgical process steps are needed [4]. For hydrometallurgical
route, extraction methods for recovery REEs via leaching of NdFeB magnets, from
relatively clean production scrap to complex and highly contaminated scrap, have
been developed [5, 6]. In general, the magnet powders are leached in low pH acid,
including hydrochloric (HCl), or sulfuric (H2SO4). Such acid leaching technique
provides the flexibility of magnet scrap dissolution. However, selective leaching of
REEs is challenging due to large amount of Fe and other contaminants in the magnet
scrap. Therefore, a high-temperature treatment is often needed to increase selectivity
of REEs [7]. Hence, most of the available approaches for REE recovery have disad-
vantage of using strong acids and high temperature that makes the overall recovery
process not economically feasible. Some recent studies on recovery of REEs and
valuable elements have suggested the use of mechanochemical-assisted techniques
[8, 9], ultrasound or microwave-assisted leaching [10], and solid-state chlorination
[11]. Further, researchers fromNETL recently reported a great improvement in REEs
extraction efficiency from coal fly ash, if the feedstock was pretreated with NaOH
[12].

In order to liberate REEs using organic acids which are environmentally friendly,
we surveyedvarious available organic acids anddown-selected citric acid.Carboxylic
acids and diketone chelating agents have sparsely been utilized in REE extraction
[13]. Only few commercial carboxylic acids, such as Versatic911/Shellsol A, have
been utilized but there is very little information on their properties. However, series
of REE-carboxylic acid complexes exist in the literature with well-defined crystal
structures obtained via XRD with and without structural NO−

3 unit present [14].
The extraction process of REEs proceeds by complexation and cation exchange in
neutral or weakly acidic medium. This basic REE organometallic chemistry provides
suggestions that carboxylic acids are viable chelating agents for REE extraction.
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Furthermore, these carboxylic acids are widely available industrially, also from
sustainable sources such as biomass or glycerol waste product (glyceric, glyoxalic,
oxalic, and tartronic) via partial oxidation [15]. Series of widely available carboxylic
acids can be obtained from sustainable sources, such as biomass (citric, succinic, or
valeric acid) via fermentation, extraction, and many industrial processes. The main
inhibitor of their use appears to be their capacity to perform REE complexation.
The deconvolution of these can be measured to evaluate their tenability as green and
sustainable complexing molecules to facilitate REE extraction. In this work, citric
acid is adopted as the carboxylic acid of choice for liberation of REEs, as a first step
of evaluating the use of environmentally friendly options for REE recovery.

Mechanochemistry refers to solid-state chemical transformations initiated or
sustained by mechanical force. In the field of material synthesis and minerals engi-
neering, a typical mechanochemical process utilizes a ball milling or grinding to
perform chemical reactions without necessarily requiring bulk dissolution of reac-
tants [16, 17]. The advantages offered by mechanochemical routes mainly lie in the
lower amount of solvent-utilization and lowered energy input to match or exceed
the efficiency of conventional methods [18]. Mechanochemical processing routes
typically need less energy input for the overall process and generate lower amount of
waste (as the process can be solid-state or solvent free). This makes mechanochem-
ical techniques a desirable alternative method of material processing for recovery
of recyclable materials in a sustainable manner. In this work, we developed an
mechanochemistry-assisted REE recovery process that investigated eco-friendly
citric acid as leaching agent. The overall process utilizes reactive grinding to pretreat
the NdFeB powders (to ~ 10 µm in diameter) with NaOH solution to form rare earth
hydroxides. The rare earth hydroxides were subsequently leached in eco-friendly
citric acid to form citrate. Initial optimization for the extraction process was done
with the goal of maximizing Nd and Dy extraction. This combination of reactive
grinding techniques and chemical processing via milder acids results in an envi-
ronmentally friendly route to liberate and extract REEs, which has potential to be
cost-effective.

Experimental Leaching Process

A lab-scale ball mill reactor system suitable for wet grinding of recycled magnets to
ultrafine particles was designed and fabricated. The system consists of a 3-chamber
ball mill made of tungsten carbide (WC), as shown in Fig. 1. The chambers were
chosen to be cylindrical jars of inside and outside diameters of 115 mm and 130 mm,
respectively. Due to the strong magnetic property of NdFeB powders, the material
of milling jars and balls should be non-magnetic. In view of these desired non-
magnetic properties and mechanical behavior of jars and milling balls, tungsten
carbide was chosen as the material choice. The reactor dimensions were chosen,
keeping in view the off-the-shelf available cylinders. It should be noted that zirconia
would not be strong enough to directly mill large chunk of NdFeB magnet and
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difficult to manufacture. Stainless steel on the other hand has the desired strength,
but would attract the magnet powders to the wall. Hence, titanium plates are used as
end caps as well as protection for the screens in between chambers. The screens are
44- and 10-micron mesh in nylon, which is compatible with magnet powders. The
titanium plate between chambers were cut to allow finer powders to flow from one
chamber to another.

The lab-scale ball mill system is shown in Fig. 2. The ball mill sits on a two-piece
shaft coupling connecting to a speed-control motor (120 V AC, NEMA 34, 1/5 hp).
The motor has a maximum speed of 1750 rpm. The support frame was designed to
be able to tilt at an angle from 0° to 15°. During operation, the ball mill is set at 5°
angle, allowing the magnet powders to move downstream.

Magnets recycled from hard disk drives (HDDs) were used as feedstock for the
experiments. These as received magnets were too large for lab-scale ball mill or
direct grinding. Hence, as a preparatory step, they were grounded the magnet to
larger chunk first, as shown in Fig. 3a. In the second step, the large chunk of magnets

Fig. 1 Cut view of the internal structure of the 3-chamber ball mill: the jars are tungsten carbide;
the plates are titanium; in between the plates are nylon mesh

Fig. 2 CAD model of the lab-scale ball mill system. The system consists of a 3-chamber ball mill
made of tungsten carbide. The system is designed to have an adjustable tilting angle for the magnet
powders to move through all chambers easily
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Fig. 3 Recycled magnet through each stage at ACT: a original magnet recycled from HDDs, b
large chunk of magnet grounded by hammering, c fine magnet powders in water solution grinded
by custom ball mill grinder

was then subject to the wet grinding in water by the custom-built grinder to obtain
fine powder solution, as shown in Fig. 3 (from b to c). Three sizes of the milling balls
were tested to determine the optimal size for wet grind magnet powder, including
6, 10, and 20 mm. We found that 10 mm tungsten carbide balls were most suitable
for grinding NdFeB powder to less than 10 µm. This fine powder solution was then
subject to reactive grinding in NaOH, using a smaller tabletop setup and leached in
different acids.

In the bench-scalemilling setup, a total of 200–400mg sample ofmagnetic scraps,
at ~ 10 microns, and sodium hydroxide solution were loaded into a 15 mL zirconia
jar (Form-Tech Scientific) together with two 7 mm zirconia balls and milled for the
respective period of time at 21 Hz in a Retsch MM300 mixer mill. Liquid-assisted
grinding (LAG) was utilized due to the solid–liquid extraction. The resulting slurry
was mixed with citric acid and allowed to react for the desired amount of time.
Stock solution of 4.0 mol/L NaOH (fromMerck) was made by adding solid NaOH to
deionized water (from Millipore) in a volumetric flask. Citric acid (from Millipore-
Sigma) was used in all extractions. All 1000 ppm standards for atomic absorption
spectroscopy (AAS) were purchased from Perkin-Elmer. Perkin-Elmer AAnalyst200
AAS was utilized to measure metal concentrations in aqueous solutions. All AAS
hollow cathode lamps were purchased from Perkin-Elmer.

Results and Discussion

The initial content of NdFeB powders was investigated. As shown in Table 1, new
NdFeB powder fromChinesemanufacturer and recycled NdFeB powder fromHDDs
were tested. The magnetic powder was dissolved in a mixture of 70% nitric acid and
hydrochloric acid. After 4 h of reaction time, the solution was diluted to 100 mLwith
deionized water in a volumetric flask. This solution was directly used for dysprosium
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Table 1 Initial content of Fe, Nd, and Dy (%wt) in NdFeBmagnet powders: new vs recycled (from
HDDs)

Iron (Fe) (%) Neodymium (Nd) (%) Dysprosium (Dy) (%)

New powders 67.3 24.3 0.6

Recycled powders (from HDDs) 59.7 11.4 0.9

measurements, neodymium, and ironweremeasured by using a× 10 diluted solution.
The summary of the initial content in NdFeB magnets is shown in Table 1 focusing
on three critical elements: Fe, Nd, and Dy. We note that the recycled magnet has a
lower Nd weight percent compared to the new magnet powder. The recycled magnet
contains small fractions of other materials (such as Ni plating) that lowers the initial
weight percentages compared to the newmagnet powders. The newmagnet powders
were obtained from the original NdFeB manufacturer and had not been through
modification for specific applications.

The new NdFeB powder was used to investigate optimal milling conditions in
order to achieve the highest Nd extraction efficiency. Figure 4 presents the schematic
of the proposed REEs extraction process. A baseline case was performed to show
the effect of different leaching reagents without any milling or grinding. Leaching
of Nd from new NdFeB powder was performed to compare the leaching efficiency
of several reagents: 0.4 M H2SO4, 0.2 M NaOH, 0.2 M HCl, and 0.2 M citric acid.
Without any pretreatment or milling, hydrochloric acid is the best acid to leach
REEs out of NdFeB powder. The leaching efficiency is shown in Table 2 and Nd
concentrations obtained are shown in Fig. 5, where citric acid leached only 42.3%
of Nd, about half of the amount that HCl acid leached (82.7%).

As stated previously, HCl is a strong acid, and using HCl in an industrial process
leads to high cost of HCl itself as well as acid treatment and safety equipment. Thus,
we proposed using citric acid as leaching reagent. Further, we performed reactive
grinding/milling to improve the leaching efficiency of citric acid. The new NdFeB
powder was used to investigate optimal milling conditions in order to achieve the

Fig. 4 Schematic of the proposed REEs extraction process, including: milling, acid leaching, and
liquid–liquid extraction stages
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Table 2 Leaching efficiency of different reagents (for baseline case). HCl is the best leaching
reagent. Citric acid can only leach half of the amount that HCl (baseline: without any improvements
via reactive grinding)

Leaching solution Nd extraction (%)

H2SO4 15.1

NaOH 12.3

HCl 82.7

Citric acid 42.3

Fig. 5 Leaching of Nd from
new NdFeB powders using
different reagents: H2SO4,
NaOH, HCl, and citric acid

highest Nd extraction efficiency. The parameters investigated in this study were
milling time, leaching time, and co-reactant species.

Figure 6 shows the leaching efficiency of citric acidwhen the powderwent through
reactive grinding with: no co-reactant, NaOH, and HCl, while the use of no co-
reactant resulted in 54.9% extraction, using NaOH resulted in 72.9% and use of HCl
resulted in 77.0% extraction. As a result, NaOH would be a good reagent for milling
because it has equivalent extraction efficiency of HCl but is less hazardous. Figure 7
shows the effect of milling time when milling with 3.5 mL of 4.0 M NaOH and
leaching in 100 mL of citric acid. Longer milling times led to more mobilization of
metal ions from the powder due to more reaction time with NaOH.

In this study, two concentrations of citric acid were used: 0.5 and 1.0M. As shown
in Fig. 7, there is an increase in Nd recovery efficiency for both 0.5 and 1.0 M citric
acid concentrations after 10 min of extraction time, but the extraction plateaus after
the 60 min mark. Therefore, 60 min is the optimal milling time with NaOH.

Figure 8 shows the effect of leaching time when milling with 3.5 mL of 4.0 M
NaOH and leaching in 100 mL of citric acid. A 97% Nd extraction efficiency was
observed at 60 min of leaching time for both 0.5 M and 1.0 M citric acid concen-
trations, while 0.2 M acid underperforms the 0.5 M and 1.0 M concentrations after
30 min. Moreover, the improvement of Nd extraction efficiency when citric acid
concentration was increased from 0.5 to 1.0 M was not significant. Consequently,
we concluded that the optimal concentration of citric acid and leaching time are
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Fig. 6 Nd extraction
variation, when milling with
different co-reactants. In all
cases, NdFeB powder went
through reactive
grinding/milling, then
leaching in citric acid

Fig. 7 Nd extraction
variation as a function of
milling time. In all cases,
NdFeB powder went through
reactive grinding/milling,
then leaching in citric acid.
All experiments were done in
duplicate, and average results
are presented with error bars

(100 mL of) 0.5 M and 60 min. In summary, the optimal conditions for reactive
grinding/milling and citric acid leaching of NdFeB powders are: milling in 3.5 mL
of 4.0 M NaOH for 60 min, then leaching in 100 mL of 0.5 M citric acid for 60 min.

Fig. 8 Nd extraction
variation as a function of
leaching time. In all cases,
NdFeB powder went through
reactive grinding/milling,
then leaching in citric acid.
All experiments were done in
duplicate, and average results
are presented with error bars
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Table 3 Leaching efficiency when milling in NaOH and leaching in citric acid

Iron (Fe) (%) Neodymium (Nd) (%) Dysprosium (Dy)

New powders 67 97 N/A

Recycled powders (from HDDs) 30 69 100%

Following the optimization done with the new powder, the recycled magnet
powder was subjected to the same extraction procedure: milling with 3.5 mL 4.0 M
NaOH for 60 min (at 21 Hz frequency), and extraction with 100 mL 0.5 M citric
acid for 60 min. Table 3 presents the percentage of Fe, Nd, and Dy extracted from
both new and recycled powders when subjected to the optimal milling and leaching
conditions. In newmagnet powders, the leaching efficiency of Nd is 97%, Fe is 67%.
The initial content of Dy is too low to be accurately determined.

Since leaching of Fe is not preferable, the recycled magnet was left in air and
water, allowing for light oxidation. Iron oxide is less soluble in acid compared to
the untreated form in the magnetic powder, leading to low leaching efficiency of Fe.
On the other hand, neodymium oxide is easily dissolved in strong acid, but weakly
dissolved in citric acid. Therefore, the extraction efficiency of Nd is lower than that
of new magnet, although still at 69%. However, the leaching of Fe is successfully
reduced to 30%. In addition, due to slightly higher initial content of Dy, the leaching
efficiency of Dy was found to be 100%.

However, in both type of magnet, Fe was also leached alongside with the REEs. In
addition, Nd and Dy have similar physical properties, including solubility, making it
difficult to separate them. Further phase separation steps, and liquid–liquid extraction
steps can be added to obtain Nd and Dy individually [19].

Conclusions

This study successfully demonstrated feasibility of Nd and Dy extraction via reactive
grinding/milling with NaOH, and citric acid leaching from NdFeB magnet recycled
fromHDDs.Due to the strongmagnetic nature ofNdFeBmagnet, a large andweakly-
magnetic ball mill is required to grind to fine powder. A leaching efficiency of 69%
for Nd and 100% for Dy, and 30% for Fe was achieved via a two-stage process:

• 60 min of milling with 3.5 mL of 4.0 M NaOH.
• 60 min of leaching with 100 mL of 0.5 M citric acid into the solution phase.

Since leaching of iron (Fe) is not preferable, the recycledmagnetwas left in air and
water, allowing for light oxidation. Iron oxide is less soluble in acid, leading to low
leaching efficiency of Fe. On the other hand, neodymium oxide is easily dissolved in
strong acid, but weakly dissolved in citric acid. Therefore, the extraction efficiency
of Nd is lower than that of Dy, although still at 69%. Overall, the small extraction of
Fe is preferred to reduce cost of Fe removal in liquid–liquid extraction.
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Separation of Rare Earth Elements
from Monazite Via Sulfidation

Caspar Stinn, Vasu Kaker, Zachary Kenneth Adams, and Antoine Allanore

Abstract Rare earth elements are critical for sustainability applications, yet their
extraction, separation, and smelting remain environmentally and economically
tedious. Conventional rare earth processing consists of a sequence of physical
beneficiation, hydrometallurgical, and metallothermic or electrolytic processes to
producepuremetals and alloys. Environmental impacts are concentrated in impurities
management and material separation. Recently, sulfide-based separation chemistries
have been shown to offer higher separation effectiveness than legacy hydrometallur-
gical methods at a fraction of the cost and energy usage. However, previous experi-
mental studies have only employed synthetic feedstocks of mixed rare earth oxides
or FeNdBmagnets. Herein, we consider rare earth element separation frommonazite
mineral using sulfidation. We explore the use of iron and alkaline-earth compounds
as separation additives to enable separation of rare earth elements and sequestra-
tion of normally occurring radioactive materials in parallel with de phosphorylation.
Preliminary experimental results indicate that the addition of iron during rare earth
mineral sulfidation is a promisingmethod to promote selectivity, potentially enabling
targeted rare earth element extraction and production.

Keywords Rare earth ·Monazite · Sulfidation · Neodymium

Introduction

The lanthanides (Ln) along with scandium and yttrium constitute the “rare earth”
metals, a group of elements utilized in applications ranging from catalysis tomagnets
to desulfurization of steels [1]. The most commercially relevant rare earth minerals
are bastnaesite (LnCO3F) and monazite/xenotime (LnPO4) [2]. In these minerals,
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the lanthanides are always found together, substituting for one another in minerals
due to their similar size and valence electronic structure [3]. Normally occurring
radioactive elements (NORMs) uraniumand thorium are also present. Together, these
realities have several implications. Rare earth elements are currently extracted and
processed together, causing all rare earth elements to exist as a co- and by-products
[4]. During rare earth concentrate production, NORMsmust be removed prior to rare
earth element separation to avoid radioactive contamination of downstream separa-
tion circuits and enrichment of source material [5]. Rare earth element demand is in
practice driven by several high value elements, such as neodymium, creating a “bal-
ance problem” where other rare earth elements are available for the market in excess
or shortage [6]. These market factors are complicated by the geographic concen-
tration of rare earth mineral processing [7]. Across different criticality indices, rare
earth supplies are reported to be at risk of geopolitical disruption, with potentially far
reaching economic and security implications [8]. Meeting this collection of market,
supply chain, and geopolitical challenges requires a paradigm shift in rare earth
element extractive metallurgy and recycling.

Rare earth elements are currently produced from primary sources using a series
of hydrometallurgical processing steps [3]. Following mining and physical benefi-
ciation, rare earth minerals are digested or “cracked” using alkaline fusion or acid
roasting to produce soluble rare earth compounds [2]. These compounds are then
dissolved in acidic solution for aqueous-organic liquid–liquid solvent extraction.
Cracking of rare earth minerals is operated as the only “targeted” process in the
pathway, aiming to sequester thorium and a significant fraction of cerium in insol-
uble compounds prior to leaching and downstream solvent extraction [3]. Currently,
environmental impacts are concentrated in cracking, dissolution, and solvent extrac-
tion steps [9]. Technical improvements have been proposed to reduce the intensity of
hydrometallurgical routes [10]; yet, significant economic and environmental burdens
remain. Different primary separation pathways have also been proposed, ranging
from halogenation with chemical vapor transport [11] to borate crystallization [12]
to selective reduction of rare earth oxides [13]. Sulfide-based separation chemistries
are promising alternatives, potentially able to greatly reduce environmental impact
and processing costs [14].

Merritt et al. demonstrated sulfidation of rare earth phosphate minerals with
hydrogen sulfide in the presence of alkaline and alkaline-earth compounds [15].
They found that phosphorous could be sequestered in alkaline and alkaline-earth
compounds, NORMs in oxide phases, and rare earth elements in oxysulfide phases.
More recently, Stinn and Allanore demonstrated that sulfidation of lanthanum phos-
phate and calcium carbonate with elemental sulfur enabled similar sequestration
of phosphorous and oxysulfide formation [14]. Stinn and Allanore also found that
sulfidationwas selective between rare earth elements during sulfidation ofmixed rare
earth oxides[14, 16].During sulfidation of calcined iron-neodymium-boron rare earth
magnets, the presence of iron improved sulfidation selectivity for light versus heavy
rare earth elements, potentially enabling single-stage separation for rare earth element
pairs [14]. However, selective sulfidation was not previously attempted on a natural
rare earth mineral. Herein, we conduct the selective sulfidation of natural rare earth
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monazite in the presence of iron oxide, with or without calcium carbonate as a phos-
phorous collector.We explore the possibility of utilizing sulfidation to enable targeted
extraction of individual rare earth elements without complete hydrometallurgical
dissolution.

Methods

Monazite mineral (<63µm), iron oxide (Fe2O3, < 5µm, > 99%, SigmaAldrich), and
calcium carbonate (CaCO3, 32–106µm99%,AlfaAesar)were utilized as sulfidation
precursors. Vaporized elemental sulfur (99.5%, Acros Organics) was utilized as a
sulfur source in an argon carrier gas at a partial pressure of 0.1–0.5 atm with a total
pressure of 1 atm. The carrier gas flowrate was 500 sccm. Two blends of materials
were sulfidized in separate reactors: one containing equal parts by mass of monazite
and iron oxide and one containing monazite, iron oxide, and calcium carbonate in
a 3:3:2 mass ratio. Sulfidation was conducted in an alumina packed bed reactor at a
temperature of 1200 °C for two hours using procedures and apparatuses described
previously [14]. Following sulfidation, the sulfidized products from each reactorwere
analyzedvia scanning electronmicroscopywith energydispersive x-ray spectroscopy
(SEM–EDS).

Results and Discussion

Micrographs illustrating the products of sulfidation are shown in Fig. 1, with the
SEM/EDScompositions ofmajor phases reported inTable 1.During sulfidation of the
mixed monazite and iron oxide, iron oxide phases were observed to sulfidize to iron
sulfide with some solubility for rare earth elements, while monazite phases remained
as rare earth-rich phosphates. In the presence of calcium carbonate as a phospho-
rous collector, a thiophosphate of iron, calcium, and the rare earth elements was
observed via SEM/EDS in addition to iron sulfide and unreacted monazite phases.
X-ray diffraction analysis is necessary, however, to determine the crystalline nature
of product phases. Some solubility for iron was observed in the rare earth phos-
phate following sulfidation without calcium carbonate. At a sulfidation temperature
of 1200 °C in the absence of a phosphorous collector, decomposition of rare earth
phosphate to oxysulfide was hindered by either thermodynamic or kinetic effects.
Kinetically, the sulfidation of rare earth phosphate is slower than the oxide [14].
In the absence of a dedicated condensed collector for phosphorous, gaseous phos-
phorous sulfidation products are likely diphosphorous pentoxide or diphosphorous
pentasulfide gasses. These are relatively large molecules, which may be entropically
unfavorable products due to their possession of fewer degrees of freedom per atom of
contained sulfur compared to reactant diatomic sulfur gas. Further work is necessary,
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however, to understand the differences in sulfidation rate and affinity between oxide
and phosphate species.

Some selectivity was observed between the partitioning of rare earth elements in
product phases via SEM/EDS.However, these results should be interpreted as prelim-
inary at best due to the challenge of differentiating low concentrations of individual
rare earth elements via SEM/EDS. Further, mapping of elements between phases
using more sensitive methods, such as electron microprobe analysis and wavelength
dispersive X-ray spectroscopy (EPMA/WDS), will be necessary to draw definitive
conclusions on rare earth sulfidation selectivity. With these considerations in mind,
neodymiumwas observed to sulfidize selectively compared to cerium and lanthanum
with and without calcium carbonate as a phosphorous collector. Considering the
results from the selective sulfidation of rare earth magnets, the sulfidation selectivity
for heavy rare earth elements may also be substantial, yet further analysis is needed.
The solubility of iron observed in the rare earth phosphate phase may be due to iron

Fig. 1 Sulfidation products of monazite and iron oxide (SEM backscatter electron composite
image). Panel a corresponds to sulfidation without calcium carbonate, where light phases corre-
spond to phosphate and dark phases correspond to sulfide (Table 1). Panel b corresponds to sulfida-
tion with calcium carbonate, where large light phases correspond to phosphate, small white phases
correspond to thiophosphate, and dark phases correspond to sulfide (Table 1). Scale bar: 200 µm

Table 1 SEM/EDS composition by mass of sulfidized product phases

Sample phase La Ce Nd Fe Ca O P S

No
CaCO3

Phosphate 14.0%
(±1.1)

32.1%
(±1.3)

7.0%
(±0.9)

10.7%
(±0.8)

na 18.2%
(±1.0)

11.2%
(±0.4)

7.0%
(±0.6)

Sulfide 0.3%
(±0.1)

1.4%
(±0.3)

0.5%
(±0.2)

60.4%
(±0.9)

na 3.6%
(±0.5)

0.7%
(±0.2)

33.1%
(±0.4)

With
CaCO3

Phosphate 13.7%
(±0.6)

32.3%
(±0.9)

7.4%
(±0.6)

4.3%
(±0.4)

4.3%
(±0.2)

20.3%
(±0.7)

12.5%
(±0.2)

5.1%
(±0.2)

Thiophosphate 8.2%
(±0.9)

18.6%
(±1.0)

4.8%
(±0.5)

7.0%
(±1.6)

16.7%
(±1.2)

21.3%
(±0.9)

12.8%
(±0.7)

10.5%
(±0.8)

Sulfide 2.0%
(±0.4)

4.6%
(±0.4)

1.3%
(±0.3)

43.8%
(±1.4)

4.9%
(±0.3)

11.0%
(±1.0)

3.3%
(±0.3)

29.4%
(±0.7)
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exhibiting some affinity for phosphorous sequestration during sulfidation. Detailed
thermodynamic analysis is necessary to support this claim. Meanwhile, the role of
iron in accentuating chemical differences between rare earth elements as sulfides is
thermodynamically unexplored. Analysis of solar system versus crustal abundances
of rare earth elements may inform the relative siderophilicity of individual rare earth
elements in the presence of sulfur through insight into the preferential partitioning
of individual rare earth elements to the earth’s core.

These results, while preliminary, suggest that sulfidation of rare earth minerals
may be conducted selectively, aided by the presence of iron compound collector
phases. If selectivity between rare earth elements is confirmed via subsequent anal-
ysis, sulfidation with iron or transition metal-based collector phases may provide a
means to selectively target and extract high value rare earth elements prior to mineral
cracking and complete dissolution. Following sulfidation, iron sulfide containing
target rare earth elements could be physically separated from the remaining rare
phosphate/thiophosphate via conventionalmethods such as flotation.Once the sulfide
phases were isolated, rare earths could be separated from iron via selective desulfi-
dation [16] or other methods. This could alleviate market challenges surrounding the
rare earth “balance problem” by unwinding the nested web of co- and by-products
in rare earth element extraction.

Conclusions

Rare earth elements exhibit complex market dynamics and tedious processing path-
ways due to their nature as by- and co-products of one another. Sulfide chemistry
is a promising alternative to reduce costs and environmental impact while enabling
targeted extraction of high value rare earth elements. Herein, we conduct sulfida-
tion of monazite in the presence of iron oxide and calcium carbonate. Preliminary
results suggest that sulfidation is selective for individual rare earth elements from
monazite, where iron sulfide may be utilized as a collector phase to aid in recovery
and selectivity. Further analysis is necessary, however, to confirm rare earth element
partitioning between phases. Additionally, thermodynamic study may be employed
to understand sulfide-phosphate interactions and the role of iron in differentiating
the chemical behavior of individual rare earth elements.
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Experimental Investigation of Liquid
Metal Leaching for Rare Earth Magnet
Recycling

Chinenye Chinwego and Adam Powell

Abstract The importance of rare earth metals for clean energy technology and
the threat to their supply has prompted several researchers to consider alternative
techniques to mining. One strategy that is gaining traction in this area is recycling.
Various studies have shown that the magnet-to-metal method, in which rare earth
metal is leached from the magnet, is a potential way to obtain recycled mixed rare
earth metal that may be used as a precursor for the manufacturing of rare earth
magnets. This study will evaluate the leaching behavior of rare earth magnets in a
liquidmetal leaching and distillation recyclingmethod. These data and prior leaching
studies will form the basis of a model of leaching mass transfer kinetics. Models of
distillation for magnesium and one other leaching agent can be used for scale-up
reactor engineering.

Keywords Rare earth metals · Recycling

Introduction

The recycling of rare earth magnets is gaining ground because of their importance
to clean energy applications and the supply risk they pose, as mining and refining
these metals is carried out in a few countries. Several research studies have explored
extraction methods for rare earth magnet scraps, such as solvent extraction [1, 2],
hydrogen decrepitation [3], and bioleaching [4]. Solvent extraction recovers the rare
earth in oxide form, and hydrogen decrepitation is a magnet-to-magnet approach that
still requires the addition of pure rare earth metals to avoid downgrading the final
product. Liquid metal leaching and distillation is a potential method to obtain pure
rare earth metal that can serve as a precursor for magnet production [5, 6].

This study explored the effect of particle size on the leaching behavior of rare
earth magnets using magnesium as the leaching agent.
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Research Methodology

The leaching was carried out in a Mellen furnace at 900 °C for 2 h. Magnesium rods
purchased from Strem were cut into smaller pieces. The rare earth magnets obtained
were demagnetized at 350 °C, and the coatings were removed. The uncoatedmagnets
were crushed to particle sizes ranging from 250 microns to 1 mm; thus, these were
differentiated in terms of small, medium, and large particle sizes. The magnesium to
magnet ratio variation used for the experiment was 3:1. The magnesium and magnet
particles were placed in the graphite crucible as shown in Fig. 1a.

Characterization of the samples was carried out using ICP-MS/OES and
SEM/EDX. The Nd to Mg ratios for the top section, midsection, interface, and
bottom section of the leached sample were determined by icp-oes, as shown in Table
1. The praseodymium and other traces of heavy rare earth metals were also analyzed
using ICP-MS, as shown in Table 2. In the bottom section, the large, medium, and
small particle sizes were also characterized.

(a) Before leaching (b) After leaching

Fig. 1 Magnesium and magnet samples before and after leaching

Table 1 Neodymium-to-magnesium ratio of sample section based on ICP-OES analysis

Top Mid Interface Bottom
(small particle
size)

Bottom
(medium
particle size)

Bottom
(large particle
size)

Nd/Mg ratio 0.004 0.014 0.133 0.311 0.267 0.234
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Table 2 Elemental analysis
of other rare earth elements
present using ICP-MS

Pr (%) Dy(%) Tb(%)

Top 0.14 0 0

Mid 0.47 0 0

Interface 2.91 0.02 0.02

Bottom (small particle size) 1.08 0.01 0

Bottom (medium particle size) 1.69 0.02 0.01

Bottom (large particle size) 1.63 0.02 0.01

Results and Discussion

The Nd-to-Mg ratio is highest at the bottom of the sample for the small particle
size than the medium and large particle sizes. It is lowest at the top of the sample,
indicating that some of the Nd were leached. At the interface, where there is a clear
distinction between the magnet particles and the solid magnesium, we can see a
relatively higher Nd/Mg ratio than the mid and top sections. In an attempt to identify
trace rare earth elements, ICP mass spectroscopy was carried out. It was observed
that some of the praseodymium was leached into the magnesium, as shown in Table
2, but no observable amounts of Dy or Tb entered the Mg alloy. This observation
was supported by the EDS analysis of the top section sample, as shown in Fig. 2.
That figure shows very high Nd concentration in regions with strong electron x-ray
signals, indicating that Nd concentrates in intermetallic precipitates in the alloy. The
large area spectrum indicates average Nd content of about 2–3 wt%, which is not
far from the 3.5 wt% Nd concentration indicated by ICP-OES characterization. The
SEM images in Fig. 2 carried out on the midsection and top of the sample show the
presence of Mg-Nd alloy, indicating that leaching occurred (Fig. 3).

(a) Mid section taken at 500micron and 15kV (b) Top section taken at 500micron and 15kV

Fig. 2 SEM images of the mid- and top sections after leaching
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Fig. 3 EDS analysis of Mg alloy top sample after leaching: (top left) backscatter image showing
locations of EDS analysis (Spectrum 2 covers the whole field of view); (top right, bottom left and
right) EDS spectra 3, 5, 6 showing 25%, 0.7%, and 26% Nd, respectively

Conclusion

Liquid metal leaching using magnesium is a suitable way for recovering rare earth
elements from magnet scrap. The magnesium-rare earth alloy formed afterward can
be distilled to obtain the rare earth metal. Reducing the particle sizes of the scrap
magnet can increase the leaching efficiency.
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Recycling of Rare Earth Elements
(REEs) from Scrap Nd-Fe-B Magnets

Nityanand Singh, Pankaj Kumar Choubey, Rekha Panda,
Rajesh Kumar Jyothi, and Manis Kumar Jha

Abstract Nd-Fe-B magnets find a wide range of applications due to their high
magnetic properties. At their end-of-life, a huge quantity of scrap Nd-Fe-B magnets
are generated, which are a promising alternative resource for rare earth elements
(REEs). Recycling of scrap Nd-Fe-B magnets will mitigate the demand supply gap
of REEs. Thus, the present paper reports development of feasible hydrometallurgical
flow sheet to recover REEs from Nd-Fe-B magnets. The process consists of roasting
of magnets with 20% NaCl at 750 °C for 2 h followed by water leaching of the
roasted mass at 75 °C for 60 min to produce REEs containing leach liquor. About
99.9% REEs was recovered, and the left residue contained Fe, which was further
calcined at 600 °C for 2 h to get red oxide pigment.

Keywords Scrap Nd-Fe-B magnets · Hydrometallurgy · Roasting · Leaching ·
REEs

Introduction

Neodymium-iron-boron (Nd-Fe-B) magnets are the most important magnets and
have an essential range of applications such as electric vehicles due their high power
and torque density [1], 1000–2000 kg in wind turbine generators [2], and computer
hard disk drives [3]. Sintered Nd-Fe-B magnets have been widely used and continue
to develop since they were invented because of their high performance and low cost.
The average annual production growth in China and the world was 6310 tons and
6920 tons, respectively [4]. After the life circle of these devices is over, these rare
earthmagnets are being thrown away rapidly or dump in the land fill illegally. Present
rare earth element in the permanent magnets gets dissolve and mixed in the water

N. Singh · P. K. Choubey · R. Panda · M. K. Jha (B)
Metal Extraction and Recycling Division, CSIR-National Metallurgical Laboratory,
Jamshedpur 831007, India
e-mail: mkjha@nmlindia.org

R. K. Jyothi
Convergence Research Center for Development of Mineral Resources, Korea Institute of
Geoscience & Mineral Resources (KIGAM), Daejeon 34132, South Korea

© The Minerals, Metals & Materials Society 2023
T. Ouchi et al. (eds.), Rare Metal Technology 2023, The Minerals, Metals
& Materials Series, https://doi.org/10.1007/978-3-031-22761-5_5

39

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-22761-5_5&domain=pdf
mailto:mkjha@nmlindia.org
https://doi.org/10.1007/978-3-031-22761-5_5


40 N. Singh et al.

and soil, respectively. This causes severe diseases to the human life such as liver
infection, difficulty in breathing, etc. The rapid industrialization and advancement
of technology in EEE, electrical vehicle, and the turbines has increased demand of
these permanent magnets rapidly [5]. The availability of rare earth Metals (REMs)
in the earth is limited, and its mining process produce many essential difficulties
especiallywith regard to the environment asREEsminerals containing some traces of
radioactive elements such as uranium (U) and thorium (Th) [3]. The problem raising
due to the unavailability of rare earth metals and decreasing primary resources by
direct mining of rare earth metals has led to dependence on the secondary resources
for the recovery of Rare earth metals. The spent Nd-Fe-B magnets after their end-
of-life can be consider as the major source of rare earth elements.

A number of processes have been reported bymany authors for the recovery of rare
earth elements from spent Nd-Fe-B magnets by pyro-, hydro-, and electrometallurgy
routes. Markarwa et al. [6] reported one step of REEs recovery with purity up to 93%
from spent Nd-Fe-Bmagnets by electro-leaching with sulfuric acid and precipitation
of REEs as oxalate with oxalic acid with same concentration 0.5 mol/L [6].

In addition, oxidative roasting carried out followed by organic acid leaching has
been used to extract the REMs from Nd-Fe-B magnet. The Nd-Fe-B magnet was
heated at 900 °C for 480 min to oxidize into acid susceptible species. The roasted
materials were dissolved in a mix solution of malic and citric acids at 90 °C to
leach more than 90% REEs [7]. Kumari et al. reported the extraction of neodymium
by sulfuric acid leaching followed by precipitation using ammonia to recover the
neodymium hydroxide. Almost ~ 99.99% recovery of REMs (Nd, Pr, Dy) [8].
Makarova et al. [9] was shown in their work, electrochemical leaching of rare earth
elements of spent Nd-Fe-B magnets [9]. Ali et al. [10] reported nitration, calcina-
tions, water leaching; ~ 95% REEs were recovered [10]. Lee et al. [11] proposed
physical and chemical treatment of like demagnetization, grinding, screening, and
leaching of Nd-Fe-Bmagnets [11]. In subsequent study, the precipitation and solvent
extraction have also been studied to extract the rare earth metals from leach liquor
of Nd-Fe-B magnet. Rabatho et al. [12] leached 81% of Dy and 98% of Nd in 1 M
HNO3 at 25 °C by using of 0.3 MH2O2, without affecting Fe which was remained in
the residue. Further, 91.5% of Nd and 81.8% of Dy were recovered by precipitation
using oxalic acid (H2C2O2) in a range of pH 8 at room temperature.

Due to similarity of REEs, it hard to target to maximize the selectivity and feasi-
bility of all the process used to recover REEs from Nd-Fe-B magnets, and they have
many demerits such as high cost, high energy consumptions, and many more.

In a view of the above aspect, the present study focused on the hydrometallurgical
extraction of rare earth elements (Nd, Pr, and Dy) from discarded Nd-Fe-B magnet
of hard disk. At first, magnet was demagnetized at elevated temperature; thereafter,
roasting of crushed magnets was carried out with sodium chloride (NaCl) for the
selective leaching of rare earth elements, and then, water leaching was carried out.
To optimize the conditions for extraction of REEs, leaching studies were carried
out at different parameters such as reaction time, temperature, and pulp density to
recover the REEs from scrap Nd-Fe-B magnet. Further, the leached liquor contains
REEs (Nd, Dy, and Pr) which undergoes evaporation to get the REEs salt.
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Experimental

Materials

The waste computer CPU was collected from the local market and dismantled to
separate hard disk drive and then magnet which treated for recovery of metals from
it. The entire chemicals used in this study such as sulfuric acid, hydrogen peroxide,
calcium hydroxide, nitric acid, and NaOH are analytical grade (AR) supplied by
Rankem, India. Apart from concentrated chemical, all the dilute solutions were used
in this study was prepared by using distilled water.

Pre-treatment and Characterization of Waste Hard Disk Drive

At first the waste hard disk is dismantled manually to separate magnet present inside
it, the separated magnet from spent hard disk are collected into a crucible which
subjected to demagnetized by heating at 310 °C for 2 h to sour theirmagnetic strength.
The demagnetized magnets crushed and ground manually to reduce their size up to
100 meshes to convert the material into homogenous form, which helps to increases
efficiencies of leaching of REEs. The flowchart showing pre-treatment of waste hard
disk is shown in Fig. 1.

The demagnetized-crushed magnets are characterized by dissolving in a mixture
of three parts HCl to one part HNO3 (Aqua regia) which is also summarized in Table
1 showing the total composition of metals present in Nd-Fe-B magnets determined
by Induced Coupled Plasma-Optical Emission Spectrophotometer (ICP-OES). It is
found that the excess of iron present in the magnet, some of them are associated with
cobalt to improve corrosion properties of the magnets and the surface of magnets are
coated by an electrochemical layer of nickel or some plastics [2].

Roasting Procedure

Roasting of Nd-Fe-Bmagnets was carried out for the effective liberation of rare earth
metals (REMs) by using cylindrical alumina crucible. At first, the demagnetized-
crushed magnets are mixed with 20% sodium chloride (NaCl) in the ratio of 1:4
by the help of spatula. Then, the homogenous mixture was roasted in a pre-heating
muffle furnace at the range of temperature between 500 and 800 °C for 30–180 min.
After the completion of roasting experiment, the crucible was taken out of the furnace
and left thematerial in air for cooling. Since thematerial was not converted in paste, it
was easily ground by the help of mortar pistol. Now, the material roasted undergoes
leaching procedure with various leachants such as water, sulfuric acid, hydrogen
peroxide, and nitric acid.
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Fig. 1 Flow diagram showing pre-treatment of waste hard disk from personal computers

Table 1 Wt. % of metals in Ne-Fe-B magnets

Nd Dy Pr Fe Ni Co

24.74 1.25 2.5 55.8 3.9 3.3

Leaching Procedure

Leaching process was carried out to recover rare earth metals from scrap magnets
of hard disk. At first, the glass Pyrex leaching reactor (250 mL) was well setup
with reflux condenser to neglect the loss of liquid in the form of vapor at elevated
temperature and placed in temperature-controlled hot plate tomaintain the optimized
temperature throughout the experiments, and a constant stirring was provided to the
whole setup by using magnetic stirrer. Sampling was done at regular time interval
to optimize the suitable parameters. The leach liquor was separated from the residue
by using vacuum filtration unit. The obtained leach liquor which contains REMs
was further subjected to evaporation process at high temperature to get REMs salt,
whereas the residue left which contains other non-ferrous metals such as Fe, Co, and



Recycling of Rare Earth Elements (REEs) from Scrap Nd-Fe-B Magnets 43

Fig. 2 SEM image of demagnetized-crushed Nd-Fe-B magnet

Ni was washed and dried in a vacuum oven at 110 °C for 1 h, which can be further
used to recover it by hydrometallurgical process.

Analytical Procedure

The demagnetized-crushed materials of spent permanent magnets of discarded
hard disk drive are first analyzed in XRD for their phase detection, and then, the
morphology of Nd-Fe-Bmagnets is studied by using SEM–EDS JXA-8230 Electron
ProbeMicroAnalyzer (JEOL, Japan)with the same to know the accurate composition
and morphology of metals present in the crushed materials of waste magnets (Figs. 2
and 3). The concentration of all metals (REEs, Fe, Co, Ni, B, etc.) present in the
leach liquor was analyzed using Induced Coupled Plasma-Optical Emission Spec-
trophotometer (ICP-OES) (VISTA-PMX, CCD Simultaneous; Make: Australia) and
Atomic Absorption Spectrophotometer (AAS) (Perkin Elmer model, Analyst 200;
USA).

Results and Discussion

Pre-treatment of Nd-Fe-B Magnets

Initially, spent hard disk drives of personal computers were dismantled manually
and separated the required magnet for the recovery of REMs and the other parts,
viz. steel frames, PCBs, platter, actuator, etc., are also separated. The magnets are
demagnetized to diminish their magnetic strength at elevated temperature 310 °C



44 N. Singh et al.

Element Wt % At %

O K 11.74 39.47
PrL 04.37 01.67
NdL 29.84 11.12
FeK 42.68 41.09
DyL 06.41 02.12
CoK 04.38 04.00
NiK 00.57 00.52

Fig. 3 EDS pattern of demagnetized-crushed Nd-Fe-B magnet

for 2 h. Further, the demagnetized magnets are pulverized up to 100 mesh size.
Figure 1 shows the systematic flowchart for pre-treatment of spent Nd-Fe-Bmagnets
of hard disk drives. The pulverized materials of magnets were chemically digested
and analyzed. About 24.74% of Nd, 2.5% of Pr, 1.25% of Dy, 55.8% of Fe, along
with other traces metals, was present in the demagnetized-crushed magnets shown
in Table 1.

Roasting Studies of Nd-Fe-B Magnets

Roasting study was carried out for selective recovery of rare earth metals from the
Nd-Fe-B magnets by mixing with calcium hydroxide at optimal temperature. The
roasting process was optimized for effectiveness at varying parameters as selection
of additive, effect of concentration of sodium chloride, temperature, time, etc.

Selection of Additive

The roasting experiments were conducted with various additives, viz. calcium
hydroxide, sodium hydroxide, sodium chloride, calcium carbonate, etc.; the concen-
tration of the additive for each experiments remains the same which is 20%, and the
pulverized materials of permanent magnets are mixed with the additive in the ratio
of 1:4 for 1 h. The result obtained is shown in Table 2.
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Table 2 List of additive used for subsequent study of roasting of Nd-Fe-B magnets

Additive Nd (%) Pr (%) Dy (%) Fe (%)

CaCO3 43.6 33.7 31.0 –

Ca(OH)2 78 62 44.83 21.8

NaOH 66.31 53.5 48.5 19.5

NaCl 93.4 88.4 90.4 –

Effect of Temperature

To demonstrate the effect of temperature on roasting of Nd-Fe-B magnets, various
set of roasting experiments were carried out viz. 500, 600, 700, 750, and 800 °C
for 1 h. At first, the crushed materials are well mixed with paste of sodium chloride
and then placed into muffle furnace by putting it in an alumina crucible. At 500 °C,
no weight loss has been found after roasting; it is because the sample needs more
temperature to fracture the internal caging of samples. On moving toward 600 °C, at
this the REEs are leached in water with low leaching efficiency which is 43%. But,
in case of 700 °C roasting temperature, leaching efficiency of REEs increased from
43 to 78%, and at 750 °C, complete recovery of rare earth elements has been found
which is shown in Fig. 3.

Leaching Studies

Effect of Pulp Density

For more dissolution of metals, one factor pulp density plays significant role; as pulp
density increases, it helps to increase the solution’s surface area per unit volume,
which increases the reaction rate; pulp density also affects the leaching rate of REEs
from Nd-Fe-B of hard disk. For knowing the better optimized condition, various sets
were practiced with different pulp densities such as 25, 50, 75, 100, and 150 g/L.
Results indicates that the leaching percentage at 100 g/L is maximum, and it became
constant at 150 g/L and so on; it is because the pulp density is inversely proportional
to the leaching rate, and it may be due to the sample requiring more amount of
acid solution as we increase the amount of samples [13]. 100 g/L pulp density was
considered as best optimized condition for the further experiments after practicing
various sets of leaching with different pulp density with same condition (Fig. 5).
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Effect of Temperature

As the temperature of the reaction increases, the rate of reaction increases and vice
versa [14]. Therefore, to study the effect of temperature on leaching of roastedNd-Fe-
B magnets, many sets leaching experiment were practiced at different temperature
such as 25, 60, 75, and 90 °C with pulp density 100 g/L and time 30 min. After
analysis, results indicate that increase in temperature increases leaching efficiency of
REMs contained in the solid materials, but at high temperature, it becomes constant,
and at 75 °C, the leaching percentage of REMs was found maximum, while at 90 °C
it seems almost constant. Therefore, further leaching experiments were carried out
at 60 °C as optimized leaching temperature at this temperature leaching of REMs
was found 99.9% (Fig. 6).

Effect of Time

To investigate the effect of time in the dissolution of REMs from Nd-Fe-B magnets
of computers, the roasted products were leached in water at 75 °C by maintaining
100 g/L pulp density; various leaching sets were practiced such as 10, 15, 20, 30, 45,
60, and 75 min. Results show that the leaching efficiency of REEs reached ~ 57% in
30 min and the maximum recovery (~ 92%) was obtained in 60 min. which is shown
in Fig. 4. The residue obtained after filtration contains iron was further calcined at
600 for 2 h.

After 10 min of the experiment, the leach liquor was taken in a test tube bottle
{bottle (a) in Fig. 2} and analyzed which indicates 19.6% recovery. Further, after
30 min, it was increased by ~ 57.3% {bottle (b) in Fig. 2}. In addition, after 45 min
and 60 min, the recovery rate of REEs was continuously increased by 69.8% and
93.4% {bottle (c) and (d)}. But, after 60 min of the reaction, the results show that
the dissolution of iron started along with the REEs {bottle (e) in Fig. 2}; therefore,
60 min mixing time was considered as suitable parameter for further experiments
(Fig. 7). The complete process flow sheet for extraction of REMs is presented in
Fig. 8.

Fig. 4 Effect of temperature
on roasting of Nd-Fe-B
magnets with 20% NaCl
paste (solid: 80 g Nd-Fe-B
magnet + 20 g NaCl
(liquid); temperature:
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Fig. 5 Effect of pulp density on leaching of REEs from roasted Nd-Fe-B magnets (Experimental
condition: solid—25–125 g/L; temperature—75 °C; time—60 min)
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Fig. 6 Effect of temperature on leaching of REEs from roasted Nd-Fe-B magnets (Experimental
condition: solid—100 g/L; Temperature—25–75 °C; Time—60 min)

Fig. 7 Effect of mixing time on leaching of REEs from roasted Nd-Fe-B magnets
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REMs 

Evaporation

Water Leaching
(100g/L; 75°C; 60min)

20% NaCl Roasting
(750°C; 60min)

Crushed Nd-Fe-B magnet

Residue (Fe)

Fig. 8 Flow diagram showing selective recovery of REMs from Nd-Fe-B magnets

Conclusions

Based on the above experimental results, the following conclusions have been made.

• The Nd-Fe-B magnets can be demagnetized by heat treatment at 310 °C in 2 h.
• The complete conversion of REEs in water-soluble species occurred at 750 °C by

mixing with 20% of NaCl paste placed in muffle furnace.
• Roastedmagnetswas leached inwater at 75 °Cby60minmixing time,maintaining

100 g/L. Results indicates complete dissolution of REMs by water leaching.
• The leach liquor of discarded magnet can be evaporated at high temperature to

get REEs salts.
• Finally, the residue left which contains Fe was calcined 600 °C for 2 h to convert

it as Fe-pigment red oxide.
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An Innovative Hydrometallurgical
Process for Recovery of Critical and Rare
Metals from Copper Anode Slimes

Shijie Wang

Abstract During electrorefining, copper is purified from impure anodes by
dissolving the anodes in an electrolyte and plating on the cathodes. All insoluble
components are precipitated to the bottom of electrolytic cells in the tankhouse
or cellhouse. These settled insoluble components are called anode slimes. They
contain copper, tellurium, selenium, bismuth, silver, gold, and traces of platinum
group metals, such as platinum and palladium. Traditionally, these valuable metals
are recovered in partial pyro- and hydrometallurgical processes. This paper presents
an innovative 100% hydrometallurgical process: Wang’s process. It can be tailored
to target the recovery of specific critical metals. This novel process would not only
eliminate all by-products from current precious metals plants, but also significantly
increase revenues from copper electrorefinery operations.

Keywords Anode slimes · Bismuth · Gold · Hydrometallurgy · Palladium ·
Platinum · Selenium

Introduction

Chalcopyrite is an abundant copper-bearing mineral: It accounts for approximately
70% of the world’s known copper reserves. Precious metals, platinum group metals,
rare metals, and p-block elements are associated with copper in chalcopyrite. During
the copper electrorefining process, precious metals (gold and silver), platinum group
metals (palladium and platinum), rare metals (selenium and tellurium), bismuth arse-
nate, and antimony arsenate are insoluble in sulfuric acid. (Bismuth and antimony
arsenate form when arsenic is added to control their solubilities in the tankhouse).
These settle and concentrate in copper anode slimes.

Most copper refineries still use conventional pyrometallurgical processes to
recover precious metals from copper anode slimes, [1, 2] where it typically takes
forty-five (45) days to produce gold and silver ingots from raw anode slimes. In
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addition to being time-consuming, these operations are associated with high-energy
consumption and negative environmental impacts. Due to the need to comply with
increasingly stringent environmental regulations, and in the face of growing global
metal demand, hydrometallurgical processing has become an attractive alternative.

An innovative hydrometallurgical process (Wang’s process) was developed to
recover critical metals based on their physical and chemical properties. This novel
process involves a series of hydrometallurgical separations. It is economically viable
and robust for recovery of manymetals, including relatively inert metals such as gold
and platinum group metals. It is also able to produce gold and silver ingots from raw
anode slimes in only five (5) days.

Process Development

The goal of the novel hydrometallurgical process is to maximize metal recovery
and eliminate some of the issues that pose challenges to major copper refineries in
particular. Minimizing value loss and avoiding cross-contamination are other critical
objectives in precious and rare metals operations.

Typical gold-bearing solutions, such as raffinate from gold leaching and solution
purification, contain entrapped gold as well as co-extracted platinum group metals,
selenium, bismuth, and tellurium. In pyrometallurgical operations, these elements
all accumulate in the precipitated crude selenium and discharging solution, resulting
in value loss and penalty in selenium sales.

This novel, innovative hydrometallurgical processwas developed for recoveries of
gold, palladium, selenium, and bismuth in series (Fig. 1). The final discharge solution
is sent to the water treatment plant. The combination of Au → Pd → Se → Bi in
series is very attractive for major copper refineries when a fully hydrometallurgical
process is chosen for anode slimes processing.

Step 1: Gold Recovery

In commercial practice, poor organic/aqueous separation in the gold solvent extrac-
tion circuit often results in increased gold reporting to the crude selenium. This
reduces the saleability of selenium to the customer because residual dibutyl carbitol
(organic used in solvent extraction) produces an obnoxious odor. Producing a clean
crude selenium is of critical importance [3, 4].

Activated carbon can effectively adsorb substances and organics from solution due
to its large number of cavernous pores. Pilot tests have shown that activated carbon
adsorbed approximately 99% of the gold from the raffinate at room temperature in
30min. Considering that 100% removal of organics fromwater and other liquids was
attained, a carbon column was designed to maximize gold recovery and eliminate
residual dibutyl carbitol in crude selenium products (Fig. 2).
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Fig. 1 Flow diagram for innovative hydrometallurgical process to recover Au, Pd, Se, and Bi
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Fig. 2 Gold adsorption by activated carbon

Step 2: Palladium and Platinum Recovery

The palladium and platinum selective process was designed to be flexible and robust
in converting Pd and Pt from an input stream that can be vary in concentration by
60% and 110%, respectively, of the normal plant feed rate [5]. Palladium absorption
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Fig. 3 Palladium absorption
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reached to its capacity of 78.6% in the first pass (Fig. 3). The platinum concentration
was below the detection limit. Results indicate that this resin can recover palladium
after gold recovery is complete.

Step 3: Selenium Recovery

After gold and palladium are recovered, the selenium solution is transferred to
the selenium circuit for reduction and recovery. In the original process, selenium
reduced and collected precious metals, palladium, and platinum as it was reduced
and precipitated itself. In the new process, although the conditions under which sele-
nium is precipitated are similar to those used in the original process, sodium bisulfite
(NaHSO3) replaces sulfur dioxide (SO2) as the reductant (compare reaction 2 to
reaction 1 below). The effluent containing recoverable+ 4 valent selenium is treated
directly with sodium bisulfite, which reduces+ 4 Se to elemental Se as a precipitate.
This granular selenium is filtered out, and the filtrate is further treated for bismuth
recovery in the bismuth circuit.

H2SeO3 + 2SO2 + H2O = 2H2SO4 + Se (1)

H2SeO3 + 2NaHSO3 = Na2SO4 + H2SO4 + H2O + Se (2)

Changing from sulfur dioxide to sodium bisulfite is advantageous with respect to
storage, environmental considerations, ease of use, and precise control of reductant
addition. This selenium refining circuit may need one additional stage to remove
nearly all remaining tramp tellurium, as shown in Fig. 4 [6].
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Fig. 4 Additional stage for
selenium refining
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Step 4: Bismuth Recovery

In this fourth and final stage in the metal recovery series, bismuth is removed from
the selenium reduction discharge solution. It is critically important to remove and
recover bismuth in order to avoid it being eventually re-smelted and recycled in
copper anodes [7].

In this step, a SuperLig®83 (IBCAdvanced Technologies) column is used (Fig. 5),
which contains a proprietary chelating molecule that is very selective for the Bi3+

cation. The bismuth-chelating molecules are covalently bound to silica beads of
approximately 0.25–0.5 mm diameter. The Bi3+ captured in the SuperLig®83 can
be eluted by sulfuric acid at an elevated temperature and precipitated as Bi(HSO4)3
when it cools naturally to room temperature. SuperLig®83 is capable of working in
both acidic sulfate and some chloride-containing solutions.

SuperLig®83 has been commercially applied for bismuth removal in sulfuric acid
media from tankhouse electrolyte. However, this is the first time that it has been used
to load bismuth from HCl media, which was then eluted by 9 M H2SO4 for bismuth
sulfate recovery. Pilot test results were encouraging; consequently, the SuperLig®83
is employed for removal and recovery of bismuth from selenium reduction solution
in the novel hydrometallurgical process (Fig. 6).
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Fig. 5 Block flow diagram for bismuth recovery with SuperLig®83

Conclusions

• The need to comply with increasingly stringent environmental regulations has
made hydrometallurgical processing an attractive method for recovery of many
metals from copper anode slimes.

• This paper describes an innovative, four-step, hydrometallurgical process for gold,
palladium, platinum, selenium, and bismuth recovery and refining.

• The combination of Au → Pd → Se → Bi in series is attractive for applications
in major copper refineries where a fully hydrometallurgical process is chosen for
anode slimes processing.

Recovery of these elements is not only desirable, but economically viable and
environmentally sound.
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Fig. 6 Bismuth recovery using SuperLig®83
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Recovery and Enrichment of Platinum
Group Metals from Spent Automotive
Catalysts by Pyrometallurgy: A Review

Jibiao Han, Xianglin Bai, Quan Yang, Biao Wang, Wangrui Ma, Yong Li,
Bin Yang, Xilong Wu, and Yu Zhao

Abstract The world platinum group metals (PGMs) reserves and the recovery of
PGMs secondary resources are discussed in this review. For many countries, the low
reserves, large consumption, and high external dependence of PGMs are common
problems nowadays. Therefore, the recycling of catalysts which contain PGMs has
become an importantmethod to alleviate the shortage of resources. This papermainly
introduces the pyrometallurgical recovery and enrichment process of spent automo-
tive catalysts, including plasma melting and metal capture method, which has the
advantages of high enrichment rate, large-scale, and short process, and iron, copper,
and lead are often used as metal collectors to capture and recover PGMs. The advan-
tages and disadvantages of different technologies are summarized, and the improve-
ment and progress of PGMs recovery process are prospected, which provide a new
idea for green and efficient recovery of spent automotive catalysts.

Keywords Platinum group metals (PGMs) · Spent automobile catalyst ·
Pyrometallurgy recovery ·Metal capture method · Enrichment

Introduction

Platinumgroupmetals (PGMs) include platinum, palladium, rhodium, iridium, ruthe-
nium, and osmium. They are widely used in automotive catalysts, petrochemical
industry, national defense construction, electronic industry, jewelry, pharmaceutical,
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and other fields because of unique catalytic properties, high melting point, and corro-
sion resistance. PGMs also have increasingly important applications in new energy,
materials, and other frontier industries, such as hydrogen energy industry, new energy
vehicles, and environmental protection materials, and have become an important
metal material to promote the development of science and technology [1–5].

PGMs play an important role in national development and life, but extremely
scarce mineral reserves and unevenly distributed mineral resources have become the
reasons that restrict their rapid development. According to the data of the United
States Geological Survey (USGS), the global PGMs reserves are about 70,000 tons
in 2021. The platinum groupmetal resources in South Africa, Russia, and Zimbabwe
account for more than 98% of the total global resources that the distribution is very
concentrate [6]. The reserves of PGMs in other countries are very scarce, the USA
accounts for about 1.28% of the world, while China only accounts for about 0.58%.
Most countries in the world rely on imports of PGMs. The demand for Pt, Pd, and Rh
has decreased due to the COVID-19 epidemic, but with the continuous development
and progress of social economy, PGMs has shown an overall upward trend [7].

The total consumption of PGMs in China has become the first in the world and
has increased year by year since 2009. The consumption of platinum and palladium
reached 165 t in 2019, accounting for more than 27% of the world’s, which is mainly
used in the field of automotive catalysts. Car ownership of China has also ranked first
in the world for many years. According to the data of China’s National Bureau of
Statistics, car ownership of China has reached 310 million by June 2022 [8]. A large
number of cars were scrapped when they reached their service life. The recycling
volume of scrapped cars was 15 million in China in 2020, including about 10 million
spent automobile catalysts. Based on the average 2 g of PGMs per car, China will
have 20 tons of PGMs rich automotive catalysts scrapped for recycling every year.
Although the automobile catalyst is classified as hazardous waste, the content of
platinum group metals in spent automobile catalyst is more than 2000 g/t, which
is hundreds of times than platinum group ore. It will not only cause environmental
pollution, but also cause a waste of resources if discarded or stacked [9, 10]. The
efficient recovery and utilization of waste automobile catalyst will have long-term
economic benefits and social value and reduce the contradiction caused by the uneven
supply and demand relationship and distribution of Pt.

Nowadays, automotive catalysts are mainly composed of carrier, coating, active
components, etc.; the carrier is mainly cordierite, and the coating is γ-Al2O3 which
also adds lanthanum, cerium, praseodymium, neodymium, and other rare earth
elements to reduce the addition of PGMs. Under the synergistic effect of these PGMs
and rare earth, they catalyze and purify automobile exhaust [11]. The methods of
recovering platinum, palladium, and rhodium from spent automobile catalystsmainly
include pyrometallurgical process, hydrometallurgical process and biohydrometal-
lurgy process, and even microwave enhanced method is used [12–17]. Pyrometallur-
gical process has become themain process flow for the treatment of spent automobile
catalysts with its unique advantages, includes metal collection method and chlori-
nation evaporation method. Its principle is to separate the active components from
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other components and enrich them to obtain precious metals. According to the calcu-
lation of China’s car ownership, the content of PGMs far exceeds China’s reserves,
and under the background of rapid development of electric vehicles, more and more
spent catalyst will be produced. It is great significance to carry out the compre-
hensive utilization of spent automotive catalyst secondary resources to promote the
sustainable development of industries.

This paper summarized the current situation and consumption of PGMs mineral
resources in the world and the recovery of spent automotive catalysts, focused on
the capture mechanism, recovery and enrichment technology of PGMs, discussed
the direction and development of platinum group metal recovery process, so as to
provide reference for the comprehensive utilization of secondary PGM resources.

Current Situation and Consumption of PGM Resources

PGM Resources

The world’s PGMs resources and reserves are mainly concentrated in South Africa,
Russia, Zimbabwe, theUSA, and other countries. SouthAfrica has themost abundant
mineral reserves, which accounting for more than 90% of the world.

The output of Ptwas about 180 tons in 2021 (Fig. 1), an increase of 8.4%compared
with 166 tons in 2020. The output of palladium was 200 tons in 2021 (Fig. 2), a
decrease of 7.8% compared with 217 tons in 2020, and the output of platinum and
palladium WAS 178 tons and the 213 tons, respectively, in 2019, which maintained
at a certain level.

Fig. 1 World mineral
production of platinum in
2021

Other countries  4.3 t

Zimbabwe 15 t

South Africa  130 t Russia 19 t

Canada 6 t
United States  4.2 t
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Fig. 2 World mineral
production of palladium in
2021

Other countries  2.8 t
Zimbabwe 13 t

South Africa  80 t

Russia 74 t

Canada 17 t

United States  14 t

Global PGM Supply and Consumption

The global supply of PGMs mainly comes from mineral resources. However, due
to the scarcity and high price of PGM resources, the renewable output of secondary
resources has also increased year by year. According to the International Platinum
Investment Association, JohnsonMatthey and other public information show that the
secondary resource recovery of Pt accounts for more than 25% of the total output and
shows an increasing trend year by year (Fig. 4). The secondary resource recovery
of Pt reached 69t in 2019 (Fig. 3). The recovery of Pd accounts for more than
30% of the total output, and the recovery of palladium has been close to 100 t
since 2018 (Fig. 3). It can be seen that the output from secondary resource recovery
accounts for a large proportion of the global supply of platinum and palladium.
PGMs are mainly used in petrochemical, automobile manufacturing, jewelry, and
other industries, among which the automotive and chemical industry catalysts are
the most widely used which accounting for more than 60%, and the consumption
field is relatively concentrated (Fig. 4) [18]. The recycling of PGMs from secondary
resources is of strategic significance for the application and development, and the

189 191 199 190 187

60.2 63.6 65.4 69
53

2016 2017 2018 2019 2020 2016 2017 2018 2019 2020
0

50

100

150

200

250

300

Pt
 O

ut
pu

t/t

Year

 Secondary resources
 Mineral resources 

210
225 220 213 217

77.5
89.1 97.2 104.2 97

0

50

100

150

200

250

300

350

400

Pd
 O

ut
pu

t/t

Year

 Secondary resources
 Mineral resources

Fig. 3 Supply of Pt and Pd resources in from 2016 to 2020



Recovery and Enrichment of Platinum Group Metals from Spent … 65

Other, 14%

Jewelry, 23%

Chemical industry, 32%

Automotive industry, 31%

Fig. 4 Application fields of platinum group metals

field of recycling precious metals today is mainly based on the recycling of spent
catalysts.

Metal Capture Method

Metal capturemethod is one of themost commonly usedmethods to recover precious
metals from spent automobile catalysts by pyrometallurgy. It has the advantages of
large treatment capacity, simple process, strong adaptability of materials, and no
wastewater. Many companies in the world use this method to recover PGMs from
spent catalysts, such as Johnson Matthey (UK), Umicore (Belgium), Sabinmetal
(USA), Tanaka precious metals (Japan), Badische anilin und soda Fabrik (Germany),
and Sino-platinum Metals (China), which have been used in the production process
[14, 19]. Pyrometallurgical recovery process includes plasma smeltingmethod,metal
capturemethod, and chlorination volatilizationmethod. Plasma smeltingmethod also
belongs to metal capture method because it uses metal iron to capture PGMs. The
overall process of pyrometallurgy generally includes shearing, crushing, grinding,
batching, ball pressing, smelting, and enrichment, refining and other processes
(Fig. 5), in which Fe, Cu, Pb, and other kinds of collectors are generally used.

Iron Capture Method

Plasma smelting method uses plasma arc to melt and enrich precious metals.
Although smelting has its particularity, it also belongs to the category of metal
capture method (Fig. 6). In the process, iron is generally used to capture PGMs.
Spent automobile catalyst, reductant, capturing agent, and slag forming agent are
added to the furnace at a temperature above 1500 °C, PGMs and Fe have the same
crystal structure and similar atomic radius, and Fe has strong affinity for PGMs, Fe
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Fig. 5 Overall process steps of metals collection method

Fig. 6 Process of iron capture and recovery of PGMs by plasma smelting

can form a continuous solid solution with PGMs under high temperature conditions,
so that the PGMs in the spent automobile catalyst can quickly enter the metal phase
to achieve the effect of separation, and Fe is also a very low-cost collector, which is
beneficial to industrial production. By plasma smelting and enrichment, the recov-
eries of Pt, Pd, and Rh can reach more than 98%, 98%, and 97%, respectively. The
total content of PGMs in the slag is about 10 g/t, which has high commercial value.

The capturing mechanism is that PGMs are deposited into the alloy phase due to
the influence of the gravity of particles in the recovery process. Metal droplets pass
through the slag and precipitate in the metal phase under the action of gravity to
form PGMs rich alloys. Benson analyzed the mechanism of extracting PGMs from
raw material slag based on the hydrodynamic model and proposed a method that can
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estimate the drop rate. It is not a simple gravity effect, but related to the affinity of Fe
and PGMs, only when the particles in the catalyst are greater than 200 microns, can
be enriched by gravity sedimentation. The capture of PGMs can only be achieved
through the adsorption agglomeration sedimentation of Fe. After calculation, it is
concluded that the optimal capture diameter of Fe droplets is 0.1–0.3 mm, and the
recovery rate of Pt can reach more than 90%. In the experiment, the overall recovery
rate of PGMs are more than 95% [20, 21].

Sino-platinumMetals Co., Ltd has introduced a plasma furnace and smelted spent
automobile catalyst in China. Li studied Fe3O4 as a collector to recover PGMs and
carried out industrial exploration. The experimental results showed that the compre-
hensive recovery of PGMs was more than 97%, and the total amount in the slag
was 10.9–12.9 g/t [20, 21]. Plasma smelting Fe capture method has the advantages
of high metal recovery rate, wide applicability, and high production efficiency, but
there are also expensive equipment and large demand for consumables. During the
smelting process, silicon dioxide caused by local high temperature is reduced to
silicon, making the alloy generate high silicon iron that is difficult to dissolve in acid
and alkali, affecting the subsequent separation process.

In order to reduce the temperature and avoid the formation of high silicon iron,
Dong studied to recover the secondary resources of PGMs and developed the low-
temperature solid-state iron capturing technology. Under the condition of reduction
temperature of 1220 °C and reduction time of 6 h, the recovery rates of Pt, Pd, and
Rh were 98.6%, 91.7%, and 97.6%, respectively, and the analysis results showed
that PGMs were preferentially converted into atomic states or atomic clusters in the
process of solid-state reduction. It is bonded with free electrons in the new metal
Fe to form a PGMs containing ferroalloy to realize separation [22]. Ding used low
melting point flux to realize liquid iron capture at 1300–1400 °C, and the process
was carried out at low temperature, avoiding the formation of high silicon iron, and
then obtained ferroalloy containing PGMs through the smelting [23].

Copper Capture Method

Themethod of capturing PGMswith copper was developed earlier, and the process of
recovering with copper capture was first adopted by Umicore Company in Belgium,
the recovery rate of PGMs could reached more than 95% [24, 25]. Spent automobile
catalyst, copper or copper oxide, reductant, andflux are added to the smelting furnace,
usually electric arc furnace to smelting (Fig. 7).

Yamada used copper capture method to recover Pt containing materials, and the
total content of PGMs in its smelting slag was reduced to 1 g/t, with obvious enrich-
ment effect [26]. Nippon Company of Japan used copper capture PGMs for industrial
production, then obtained copper alloy, the copper alloy could be blown into a concen-
trate with a content of 30% PGMs through oxygen blowing, and the copper oxide
obtained by blowing could be returned to the smelting process for further use. The
Serbian Research Institute proposed a process to cast the smelted copper alloy into
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Fig. 7 Recovery of PGMs by copper capture in electric arc furnace smelting

an anode plate with a content of 1% PGMs. After electrolytic refining, PGMs were
deposited in the anode mud for recycling. The cathode copper plate could be reused,
and the overall recovery rate of PGMs were as high as 99% [27, 28]. Kolliopoulos
studied the recovery behavior of copper in the capture and recovery of spent automo-
bile catalyst. They believed that there were two recovery mechanisms in the capture
process: one was the infiltration adsorption process, that is, PGMs particles were
adsorbed on the copper droplets, which entered the metal phase through the slag,
and the other was to form a solid solution with copper at the bottom in the form
of sedimentation through the slag, because the relative atomic mass of platinum is
heavy, it has a high sedimentation rate, so it has a high recovery rate [29]. Zhang
studied the capturing of Pd by copper alone, and using energy spectrum,X-ray photo-
electron spectroscopy, and first principle calculation, it was clear that Pd not only
migrated into the metal phase, but also replaced copper atoms into the copper lattice
to form a Cu-Pd alloy [30]. The smelting temperature of copper capture is low and
the recovery rate of PGMs is high. It can not only be industrialized, but also can be
recycled. Using copper as a collector also has great advantages, but the subsequent
separation process has limited its development, because the subsequent purifica-
tion and impurity removal process produces a large amount of wastewater, causing
pollution, and the process flow is long, which directly affects economic benefits.

Lead Capture Method

Lead is an excellent collector of PGMs. Developed countries began to use lead to
capture and recover PGMs as early as 1980. This is the oldest pyrometallurgical
method for treating spent automobile catalysts and detecting PGMs. Lead capture
is generally used in electric furnace. PGMs are separated from the carrier to obtain
crude lead containing PGMs at high temperature, and then lead is oxidized in ash
blowing furnace or converter to obtain PGMs enrichment (Fig. 8). Compernolle
used the spent automobile catalyst after crushing, added lead oxide and other fluxes,
smelted at 1100 °C for 2 h, and the lead button obtained after smelting was soot
blown at 1000 °C, resulting in the volatilization of some lead [31]. In order to reduce
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Fig. 8 Recovery of PGMs by lead capture in electric furnace smelting

the loss of lead buckle in the process of soot blowing, gold and silver can be used as
a protective agent to reduce the loss and increase the recovery rate. For example, Zhu
used silver as a protective agent to recover Pt and Pd, and the recovery rate could
reach more than 92.5% [32, 33]. Ni used lead assays to capture PGMs in ores at
1080–1100 °C, which could enrich Pt, Pd, Rh, Ir in lead particles [34].

Other Capture Method

Experts and scholars have also carried out a variety of research methods, such as
using metal Bi for capture, or using waste printed circuit boards for capture, and
even using cyanide tailings and other wastes for capture. Zhang used metal Bi as the
collector. Under the condition of smelting at 1100 °C for 10 min, the recoveries of Pt,
Pd, andRhwere 95.02, 98.90, and 97.00%, respectively. PGMs preferentially entered
the Bi phase, reducing the free energy of the system and formed metal droplets to
converge and settled into the metal phase [35]. The waste circuit board was used as
the capture agent, the carrier material was used as the slag-forming agent, and the
melting could be carried out by adding the flux and reducing agent. After melting,
the automobile catalyst and the gold, Pt, Pd, Rh in the waste circuit board could be
comprehensively recovered,whichwere enriched in theCu-Sn alloy. ThePGMshad a
highdistribution ratio at the slag gold interface. This processwas simple, and the spent
automobile catalyst andwaste circuit board could also be comprehensively recovered
to achieve the purpose of treating waste with waste, However, the volatilization of
toxic and harmful gases in the process limits its development [36, 37]. Liu provided
an economic and environmental protection technology for treating spent automobile
catalyst with cyanide tailings, in which Fe collector is produced by carbothermal
reduction process, the melted PGMs enter the alloy phase, while Pb, Cr and other
elements were fixed in the slag, and the process cost was low, and had high trapping
efficiency [38].
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Conclusion and Prospect

The spent automobile catalyst will be accompanied by the arrival of the service
life which increases year by year. As an important secondary resource, the efficient
and comprehensive utilization of waste automobile catalysts is an important way to
solve the contradiction between supply and demand of PGMs and can bring huge
economic value and environmental benefits. In view of the current research progress
of pyrometallurgy recovery technology, it has the effects of large processing capacity,
high efficiency, high capture rate, and easy production, but there are still some prob-
lems, such as high temperature, high energy consumption and low recovery rate for
specific metals. On the whole, Fe capture has better economic benefits. Although the
technology of pyrometallurgy recovery of PGMs has made great progress in general,
there are still many problems, and if the recovery rate, efficiency, or energy consump-
tion can be changed by changing the process route, or reducing the temperature with
appropriate flux, changing the type of collector or slag composition, it will provide
a new technical idea for the recovery of PGMs from spent automobile catalysts and
realize the sustainable development of platinum group metal resources.
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Abstract Crystallization of cobalt sulfate within a typical hydrometallurgical
process for the recycling of Ni-Mn-Co oxide or Ni-Co-Al oxide Li-ion batteries
has been investigated. The cobalt sulfate salt was obtained by eutectic freeze crystal-
lization (EFC) from a synthetic acidic cobalt strip liquor after solvent extraction. The
ternary phase diagram of CoSO4–H2SO4–H2O was first established by the mixed-
solvent electrolyte (MSE) model to predict and reveal the changes in the system
during the freezing process and to assess the conditions required for EFC. Batch
EFC experiments were then conducted for the cobalt strip liquor, which contained a
low concentration of impurities. It is shown that with suitable control of supersatu-
ration, seeding, and stirring, pure ice and salt crystals can be recovered as separate
phases at the eutectic temperatures, with the crystalline salts in the form of a heptahy-
drate. The crystallization process can be described using the ternary phase diagram,
but with certain deviations. The deviations might be related to insufficient data at the
low temperatures in the MSE model and acid entrapment in crystals during the crys-
tallization process. Finally, the performance of the EFC process has been compared
to that of an evaporative crystallization (EC) using the same strip liquor. It was
found that the CoSO4·7H2O product obtained by EFC was of slightly higher quality
considering purity and crystal shape compared to that from EC.
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Introduction

The recycling of Li-ion batteries (LiBs) is essential from an economic and environ-
mental perspective. After mechanical and thermal treatment of spent Li-ion batteries,
hydrometallurgy is considered the best way to recover the most valuable metals Li,
Ni, Co, andMn from the cathodematerial due to high recovery efficiency, low energy
consumption, and minimal gas emission [1, 2]. Various acids have been proposed
for the leaching step in hydrometallurgical processing; yet, H2SO4 is the most
used, owing to the advantages of low cost and high leaching efficiency at moderate
concentration [3]. After obtaining the acid leach solution, various processes, usually
including chemical precipitation and solvent extraction methods, have been devel-
oped for the separation and purification stage [4]. Precipitation removes Fe, Al, and
Cu from the acid leach solution, while solvent extraction is selective for separation
and recovery of the remaining metals in different fractions [5].

Solvent extraction using Cyanex 272, Cyanex 302, PC-88A, TOA, and D2EHPA
for the fractionation ofNi, Co, andLi from acidic solution in the recycling of LiBs has
been reported in the literature [6]. These extractants can extract Co2+ over Ni2+ and
Li+ due to their excellent Co/Ni and Co/Li selectivity. After the extraction step, Co is
usually stripped using sulfuric acid and recovered as CoSO4·7H2O by crystallization
[7]. For example, Kang et al. [8] reported CoSO4 recovery from the spent LiBs
using precipitation, solvent extraction, and crystallization. Cyanex 272 was used to
selectively extract Co from the solution after the precipitation of Cu, Fe, and Al.
Stripping of the loaded organic phase with 2MH2SO4 produced a solution of 96 g/L
Co. Finally, pure pigment grade CoSO4 was obtained by evaporative crystallization
of the Co-enriched solution.

For the isolation of salts from an aqueous salt stream, eutectic freeze crystal-
lization (EFC) is an alternative method. This technique is based on cooling the salt
solution down to the eutectic point of the respective system,where ice and salt crystals
are formed simultaneously [9]. Eutectic freeze crystallization is strongly preferred to
evaporative crystallization, as it requires less energy. In addition, eutectic freeze crys-
tallization has an advantage in treating corrosive streams due to the low temperatures
employed [10]; thus, it is very suitable for salt recovery from acidic strip liquors.
EFC is effective for the desalination of brines generated from reverse osmosis, and
EFC has been tested for the recovery of metal salts in hydrometallurgy [11].

The present study focuses on the CoSO4 recovery from a strip liquor in the recy-
cling of LiBs. Binary and ternary phase diagrams of the CoSO4–H2SO4–H2O system
have been established by employing the mixed-solvent electrolyte (MSE) model.
Batch crystallization experiments have then been performed to recover CoSO4 from
the acidic strip liquor and to evaluate the EFC process. Finally, EFC for CoSO4

recovery is further assessed by comparing it with EC using the same feed solution.
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Materials and Methods

Development of Phase Diagrams Using the MSE Model

Phase diagrams are used to show the thermodynamic equilibrium behavior of the
CoSO4-H2SO4–H2O system in this study. The MSE model, embedded in the OLI
Stream Analyzer software [12], was employed to develop a binary phase diagram of
CoSO4–0.5mol/kg H2SO4 and ternary phase diagram of CoSO4-H2SO4–H2Owhich
includes the eutectic (or cotectic) curves of ice and salt crystals.

Feed Solution and Analysis

Analytical grade reagents H2SO4, CoSO4·7H2O, MnSO4·H2O, Li2CO3,
NiSO4·7H2O, Fe2(SO4)3, Al2(SO4)3, CaSO4, CuSO4·5H2O, and Na2SO4 were
used to prepare an acidic strip liquor. The solution was prepared using deionized
water. Table 1 shows the composition of the synthetic strip liquor. After batch
eutectic freeze crystallization or evaporative crystallization experiment and filtra-
tion, cobalt sulfate hydrates could be obtained. Optical microscopy was used to
observe the color and shape of the resulting crystals. The chemical phases of the
crystals were determined by X-ray powder diffraction (XRD). Inductively coupled
plasma-optical emission spectrometry (ICP-OES) was used to measure the total
concentration of elements present in solution samples. The composition of the
crystals was determined after complete dissolution in water.

Eutectic Freeze Crystallization (EFC) Experiments

EFC experiments were performed in a jacketed 250 mL glass vessel equipped with
a mechanical stirrer. A schematic overview of the setup is shown in Fig. 1. A 30-
vol% ethylene glycol/water solution was used to indirectly cool the crystallizer, with
coolant cooled and circulated through the jacket of the crystallizer by a cryostatic
water bath (FP50-HP refrigerated/heating circulator, Julabo, Allentown, PA, USA).
A temperature monitor (KST 5-inch Paperless Recorder, Keshun Instrument Co.
Ltd, Ningbo, China) was connected to PT-100 sensors (Omega Engineering Inc.,
Norwalk, CT, USA) with an accuracy of 0.1 °C, and used to record temperature data

Table 1 Composition of a cobalt strip liquor

Metal (mg/L) Co Ni Mn Li Cu Na Fe Al Ca H2SO4

Synthetic strip liquor 96,000 2 22 4 1 11 2 4 4 36,300
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Fig. 1 Experimental setup for eutectic freeze crystallization

every 30 s. One sensor was used to measure the crystallizer temperature, while the
other sensor measured the coolant temperature. For each batch experiment, 200 g
synthetic strip solution was used. The agitator speed was kept at 50 rpm. After EFC
of ice and salt, filtration was conducted to obtain the salt crystals.

Results and Discussion

Phase Diagrams

Binary phase diagrams of CoSO4 dissolved in pure H2O and aqueous 0.5 mol/kg
H2SO4 solution over the temperature range −20 to 60 °C are presented in Fig. 2.
The results show that CoSO4 · 7H2O is the stable crystalline phase at low temper-
ature. E1 and E2 are the predicted eutectic points in H2O and 0.5 mol/kg H2SO4

solution, respectively. Both the eutectic temperature and concentration of the
CoSO4–0.5 mol/kg H2SO4 system are below those of the CoSO4–H2O system.

Figure 3 is the calculated ternary phase diagram of CoSO4-H2SO4–H2O with
simulated lines. In the ternary phase diagram, solid line EP in Fig. 3 represents the
eutectic solubility line for CoSO4 · 7H2O and ice.

For the EFC of CoSO4 in dilute H2SO4 solution, the composition and temperature
of the eutectic points gradually shift along the solubility eutectic line after the solution
has reached the eutectic condition.
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Fig. 2 Calculated binary
phase diagram of
CoSO4–H2O and
CoSO4–0.5 mol/kg H2SO4
systems
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Behavior of Solution Temperature and Composition During
EFC

From several EFC batch experiments of the synthetic solution, the first eutectic
temperature was observed at −4.7 °C, at which simultaneous crystallization of ice
and salt commenced. However, as shown in Fig. 4, as the solution entered eutectic
conditions, the eutectic temperature continued to slowly decrease to −6.8 °C for a
period of 70 min.

The decrease in temperature can be explained by the increasing concentration of
sulfuric acid in the remaining mother liquor, caused by the crystallization of ice and
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Fig. 4 Temperature curve
obtained after EFC of the
synthetic acidic strip solution

Fig. 5 Evolution of CoSO4 and H2SO4 concentrations at the eutectic conditions

CoSO4 · 7H2O. Figure 5 illustrates the composition of the mother liquor at eutectic
conditions; each marked data corresponds to a collected sample.

The Comparison of EFC and Evaporative Crystallization (EC)

XRD analysis results (Figs. 6 and 7) confirmed that the crystals obtained from both
EFC and EC were in the heptahydrate form.

For the batch experiments, the crystallization yields of the EFC and EC were
controlled at comparable levels of ~ 55% and ~ 47%, respectively. Tables 2 and
3 list the composition of crystals obtained in the EFC and EC batch experiments,
respectively. As seen, the purity level of the CoSO4 · 7H2O product was comparable
for EC and EFC. the Na and Fe content is overall higher in the crystals from EC
than in the crystals from EFC. This can be explained by the evaporation of water; the
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Fig. 6 XRD pattern of crystals from EC (blue), compared to a standard card of CoSO4 · 7H2O
(orange)

Fig.7 XRD pattern of crystals from EFC (blue), compared to a standard card of CoSO4 · 7H2O
(green)

Table 2 Composition of salt crystals from EFC

Metal in salt crystals Co
(wt%)

Ni
(ppm)

Mn
(ppm)

Li
(ppm)

Cu
(ppm)

Na
(ppm)

Fe
(ppm)

Al
(ppm)

Ca
(ppm)

Unwashed crystals 21.1 87 16 0.7 5.9 2.8 7.2 0.2 0

Washed with cold water 21.1 82 14 0.5 5.5 0.7 6.4 0 0

Table 3 Composition of salt crystals from EC

Metal in salt crystals Co
(wt%)

Ni
(ppm)

Mn
(ppm)

Li
(ppm)

Cu
(ppm)

Na
(ppm)

Fe
(ppm)

Al
(ppm)

Ca
(ppm)

Unwashed crystals 21.1 94 24 2.1 5.3 14 18 1.8 1.3

Washed with cold water 21.1 88 18 0.7 5.2 3 17 0.2 0

remaining mother liquor becomes more concentrated; consequently, the impurities
will get trapped more frequently in the salt crystals while part of the impurities
might be trapped in the ice for EFC. The mechanisms and extent of incorporation of
impurities in the salt and ice phases requires further investigation.

The morphology of the crystals from EFC and EC in Fig. 8 differs significantly.
The EFC crystals have amore regular and spherical surface compared to the irregular
EC crystals. The largest crystals from EFC batch experiments have a diameter of
30 µm, while the smallest have a diameter of 10 µm. The determination of the size



80 Y. Ma et al.

Fig. 8 Crystals of CoSO4 · 7H2O from EFC (left) and EC (right) experiments

of the EC crystals was difficult considering the irregular structure. The rapid crystal
growth at room temperature can explain the disorganized shape of these crystals. It
can be stated that batch experiments of EFC resulted in more desirable crystals than
those from EC.

Conclusion

The predicted phase diagrams of CoSO4–H2SO4–H2O system indicate that CoSO4 ·
7H2O can crystallize along with ice from the strip liquor using EFC, and the binary
eutectic temperature decreases as the concentration of acid increases. The crystals of
CoSO4 · 7H2O were then obtained successfully using EFC with suitable conditions.
The crystallization process can be described using the ternary phase diagram, but
with certain deviations. After washing, the impurity content of the CoSO4·7H2O
obtained using EFC is very low.
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Studies on the Hydrometallurgical
Recovery of Metals from Used and End
of Life PCBs

Om Shankar Dinkar, Rekha Panda, Pankaj Kumar Choubey,
Manis Kumar Jha, and Balram Ambade

Abstract In this era of modernisation, the demand for metals is increasing and
the limitation of primary resources has created a huge gap between demand and
supply. In this connection, an attempt has been made to recover Pb, Sn, and Cu
from waste PCBs of computer hard disc using pre-treatment followed by hydromet-
allurgical techniques. In PCBs, encapsulation of epoxy sheets hinders dissolution of
metals. Therefore, initially PCBs were depopulated, and then, using pre-treatment
techniques, i.e. size reduction and wet gravity separation, mix metal concentrate was
obtained. This obtained concentrate was used further for developing various metal
recovery processes and optimisation of various process parameters. The experimental
results indicate ~ 99% recovery of metals using suitable leachates. The obtained
data is presented and validated to develop a process flow-sheet. This work will be
productive for the researchers, students, and industrialists working in this area.

Keywords Hydrometallurgy · Leaching · PCBs · Copper · Lead · Tin · Separation

Introduction

Rapid technological advancement, especially in the electronics industry, has accel-
erated the manufacturing of new advanced sophisticated electronic gadgets for the
sale in market with continuous replacement of the older ones. It has reduced the
life span of electronic gadgets and resulted in generation of huge amount of waste
electrical and electronic equipments (WEEEs) [1–4]. The worldwide generation of
WEEEs is 20–50 million tons per year which is three times faster in comparison
with other wastes [4, 5]. As per global e-waste monitor (2020), 52.7 million tons
of e-waste was generated in 2015, which is expected to reach 74.4 million tons by
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the end of 2030. These WEEEs constitute household appliances, IT equipments,
telecom devices, medical devices, etc. In all these EEEs, PCBs are the important and
common component, which is made up of metals, plastics, and ceramics [1, 6, 7].
The metal forms 40% of the total weight of PCBs. PCBs form 3% (wt.) out of total
WEEEs produced [3, 6, 8]. The waste PCBs (WPCBs) possess varieties of metals
and materials, viz. aluminum (Al), copper (Cu), iron (Fe), nickel (Ni), lead (Pb), tin
(Sn), gold (Au), silver (Ag), platinum (Pt), palladium (Pd), glass fiber, and epoxy
resin [3, 9, 10] based on application or type.

In this era of metals crises, WPCBs/WEEEs have been considered as alternative
resources to fulfill the demand and supply ofmetals up to certain extent. Development
of feasible recycling processes to recover metals fromWPCBswill not only decrease
the environmental pollution but also conserve the natural resources and lead towards
sustainable development.

In this regard, PCBs of various sources have been reported for the recovery of
metals. Kumar et al., 2014, reported about 90% and 65% of total metal recovery from
PCBs ofVCandDVDby froth flotation and pneumatic separation [11]. Arshadi et al.,
2018, reported content evaluation of computer PCBs, central processing units (CPUs)
PCBs, TV PCBs, fax machine PCBs, and copy machine PCBs for the enhancement
of base metals recovery [12]. Lu et al., 2017, reported gold recovery from waste
memory module using chlorination process [13], personal computer PCBs [14],
precious metals recovery from mobile phone PCBs [15], selective copper recovery
from mobile phone PCBs [16], and copper and gold recovery from laptop PCBs
using bioleaching [17].

In addition to these, another significant source of metals is PCBs of hard disk
drives. However, some works are also reported on this. Fujita et al., 2014, proposed
heat treatment and physical separation for the evaluation of recycling process of hard
disc drive PCBs [18]. Peiro et al., 2019, examined the urban mining feasibility of
hard disc drive [19] including PCBs. Tanvar et al., 2019, reported evaluation and
characterization studies of hard discs to recover copper and rare earth metals [20].
But all these processes were found to be of initial stage as per the literature review
and indicated lack of proper recycling process for hard disk drive PCBs. Therefore,
need of proper and feasible process to recover metals value from the PCBs of hard
disc drive was observed.

Therefore, the present paper reports the attempts made focusing on the optimiza-
tion of process parameters for the separation and recovery of metals from PCBs of
hard disc drive in proper and feasible manner including combination of pre-treatment
for the removal of epoxy sheets and hydrometallurgical metal dissolution processes.
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Experimental

Materials

Source material used for this experimental work was depopulated PCBs of obsolete
and discarded hard disc drives which contain relatively significant quantity of copper
along with lead and tin. All the reagents such as sulfuric acid, hydrochloric acid, and
nitric acid supplied by Merck were of analytical grade, and distilled water was used
for acid solution preparation and washing purpose.

Method

As the encapsulation of epoxy sheets hinders hydrometallurgical metal dissolution
process, hence, its removal was necessarily required. For this purpose, initially mix
metal concentrate sample of less than 14 mesh size containing 94.46% Cu, 0.57%
Pb, and 0.85% Snwas obtained from depopulated PCBs using size reduction and wet
gravity separation pre-treatment techniques. Then, the leaching experiments for the
dissolution and separation of the metals from obtained concentrate were performed
in a glass leaching reactor. The desired ratio of sample and leachate was put in a three
neck glass flask and heated to a set temperature using a temperature controller and
hot plate with inbuilt magnetic stirring function. Required samples were collected
from the glass flask at regular time intervals to examine the leaching performance
of the metals in a particular leachate. After completion of the leaching process, the
tin salt left as residue was dried using a vacuum oven and kept for further examina-
tion. Further, metal content in collected samples during the various experiments was
analyzed using an AA400 Atomic Absorption Spectrometer, Make: Perkin Elmer,
and AA240 (Varian, Agilent). The obtained results indicated the satisfactory mass
balance for each set of leaching process.

Results and Discussion

Leaching studies were carried out for the recovery and separation of different metals
present in the obtained metal concentrate of hard disc drive PCBs. The selection of
suitable acid solution for dissolution of metals and optimization of various process
parameters such as effect of acid concentration, time, and temperature using selected
acid solution were carried out to examine the leaching and separation of metals.
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Selection of Suitable Acid for Metal Dissolution

Experiments were conducted using a different acid solution to select the effective
acid solution for the optimization of process parameters to separate metals using
hydrometallurgical metal dissolution processes frommixmetal concentrate obtained
by pre-treating the PCBs of hard disc drives in proper and feasible manner.

Sulfate Based Acid Solution

The initial dissolution behavior of metals present in the obtainedmetallic concentrate
was checked using H2SO4 solution. Less than 14 mesh size of sample was used for
the experimental purpose. The 100 mL of dilute 4 M H2SO4 solution was taken
in three necked 250 mL flask and heated up to 90 °C. Then, 10 g of sample was
immersed after reaching the temperature to maintain 100 g/L pulp density, and 90 °C
of solution temperature was maintained up to the completion of the experiment.
After completion of the experiment, obtained solution was analyzed and indicated
very poor dissolution of all metals except tin. However, oxidizing agents may also
be used with sulfuric acid solution to enhance the dissolution efficiency but the use
of oxidizing agents not only increases the dissolution efficiency of copper but also
increases the dissolution of other metals [16], which makes process nonselective in
terms of separation. Hence, sulfuric acid solution was not found suitable for the said
purpose.

Chloride Based Acid Solution

Further, the dissolution study for mix metallic concentrate was performed in
hydrochloric acid (HCl) solution to check the dissolution behavior of metals. The
dissolutionwas performed similar to the above condition, 100mL4MHCl in 250mL
flask, heating temperature 90 °C, and 100 g/L of pulp density. Further obtained
leached solution was analyzed and results indicated an increase in the dissolution o
f all metals; however, this increase was not sufficient as lead and tin leaching were
found just 38 and 40 percent, respectively, and in the case of copper very poor result
obtained may be due to lower H+ ion oxidation potential than pure metallic copper.

Nitrate Based Acid Solution

In continuation of suitable leachate selection, obtained mix metallic concentrate
of less than 14 mesh size was treated with nitric acid (HNO3) solution under the
similar experimental condition, i.e. 100 mL volume, 4 M solution concentration in
250mL flaskmaintaining 100 g/L pulp density and 90 °C of temperature to check the
dissolution behavior of metal’s value present in the concentrate. After reaching the
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Fig. 1 Selection of suitable
acid solution [Acid solution:
4 M, Pulp density: 100 g/L
Temp.: 90 °C]

temperature, when concentrate sample was added to the acid solution, the reaction
was very fast and vigorous. The obtained results indicated increasing dissolution of
Cu and Pb which was about 95.59% and 39%, respectively, while the dissolution
behavior of Sn was very poor under this condition and acid solution. May be poor
dissolution of Sn was due to the redial dissolution and hydrated stannic oxide (SnO2)
formation. Figure 1 presents the dissolution of metals in sulfate, chloride, and nitrate
acid solution. As Cu and Pb dissolutionwas found to be increasing in HNO3 solution,
hence HNO3 was selected for further experimental purpose.

Effect of Acid Concentration

As nitric acid solution was found suitable for both copper and lead therefore, further
dissolution studies were carried out on different concentrations of nitric acid. Initially
by targeting lead, low concentrations 0.05, 0.1, and 0.2 M were applied by taking
10 g of obtained metallic concentrate less than 14 mesh size in 100 mL of volume
maintaining 100 g/Lpulp density at 90 °C for 90min to check the dissolution behavior
of lead and copper. As Fig. 2 indicates, dissolution of lead was increasing with
increase in acid concentration and almost complete dissolution of lead was achieved
using 0.1 M nitric acid solution by maintaining 100 g/L of pulp density at 90 °C with
very little dissolution of copper. Further obtained residue containing tin and copper
was treatedwith enhanced concentrations 1, 3, and 5Mof nitric acid targeting copper
dissolution. Figure 3 indicates that copper dissolutionwas increasingwith increase in
acid concentration and almost complete dissolution 99.99% of cooper was achieved
with 5 M of nitric acid concentration at 90 °C maintaining 100 g/L of pulp density
in 90 min leaving tin in the residue due to salt formation.
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Fig. 2 Effect of nitric acid concentration on lead dissolution [Pulp density: 100 g/L, Temp.: 90 °C,
Time: 90 min]

Fig. 3 Effect of nitric acid concentration on copper dissolution [Pulp density: 100 g/L, Temp.:
90 °C, Time: 90 min]
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Effect of Temperature and Time on Pb and Cu Dissolution

Further studies were carried out to check the leaching behavior of lead and copper
by varying the temperature to 75 and 90 °C maintaining pulp density 100 g/L. As
shown in Figs. 4 and 5, dissolution of lead and copper was increasing with increase in
temperature and time from 59.47 to 83.38% and 0.11 to 0.55%, respectively, on 75 °C
and 71.37 to 99.99% and 0.13 to 0.66%, respectively, on 90 °C using 0.1M nitric acid
solution. As mentioned above, residue after complete lead dissolution was further
put in second dissolution targeting copper. Figures 6 and 7 indicate the dissolution
of copper was also increasing with increase in time and temperature from 39.8 to
93.83% on 75 °C and 47.32 to 99.99% on 90 °C using 5 M nitric acid solution. This
study indicated that 90 °C was suitable temperature for almost complete dissolution
of lead and copper.

Kinetic Study for Lead and Copper

The results obtainedwere used to study the dissolution kinetics of lead and copper for
both dissolutions. Initially, mix metallic concentrate of hard disc drive PCBs using
0.1M and residue obtained after total lead dissolution frommix metallic concentrate
using 5 M nitric acid varying time and maintaining 100 g/L pulp density at 90 °C.
The obtained data was tested with different standard equations to understand the
mechanism of dissolution of lead and copper with nitric acid. In the case of lead,
the data obtained from dissolution of mix metallic concentrate sample at lower acid

Fig. 4 Effect of time [0.1 M
nitric acid, Pulp density:
100 g/L, Temp.: 75 °C,
Time: 90 min]
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Fig. 5 Effect of time [0.1 M nitric acid, Pulp density: 100 g/L, Temp.: 90 °C, Time: 90 min]

Fig. 6 Effect of time [5 M nitric acid, Pulp density: 100 g/L, Temp.: 75 °C, Time: 90 min.]
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Fig. 7 Effect of time [5 M nitric acid, Pulp density: 100 g/L, Temp.: 90 °C, Time: 90 min.]

concentration, i.e. 0.1 M on 90 °C, was fitted with the equation 1−(1−X)1/3 = KCt,
(Shrinking spheres), where X= fraction of lead reacted (% lead dissolution/100), Kc

= reaction rate constant per minute, t = time in minute and presented in Fig. 8. The
obtained result of copper dissolution from the residue produced after lead dissolution
using 05 M nitric acid concentration at 90 °C was fitted with the equation 1−3 *
(1−X)(2/3)+2* (1−X) (Ashdiffusion control dense constant size-spherical particles)
and presented in Fig. 9. The value of constant K was calculated and validated with
reaction model, and calculated value of K was found almost constant.

Conclusion

Studies were carried out on laboratory scale using nitric acid solutions for the sepa-
ration and recovery of lead and copper from mix metallic concentrate obtained from
depopulated hard disc PCBs. However, sulfate and chloride based acid solutions
were also tried but not found suitable. Initially, dismantled PCBs were depopulated,
crushed, and beneficiated to generate mixmetallic concentrate. After getting concen-
trate, experiments were conducted for the optimization of various process parame-
ters such as selection of acid, effect of acid concentration, time, and temperature
to dissolve lead and copper separately leaving tin in the residue part. The following
conclusions can be drawn based on results of experimental studies of lead and copper
dissolution.
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Fig. 8 Leaching kinetics of lead [0.1 M nitric acid, Pulp density: 100 g/L; Temp: 90 °C]

Fig. 9 Leaching kinetics of
copper [5 M nitric acid, Pulp
density: 100 g/L; Temp:
90 °C]

Nitric acid is effective for the dissolution of lead and copper leaving tin as residue.
The maximum dissolution of lead was achieved 99.99% using 0.1 M nitric acid at
90 °Cmaintaining 100 g/L of pulp density in 75 min. However, very little dissolution
of copper 0.54% was also occurred on this condition but a very large quantity of
copper gets lead free. Further 99.99% copper dissolution was achieved from lead free
concentrate obtained as residue using 5 M nitric acid at 90 °C in 60 min. The results
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obtained in both dissolution experiments were validated with standard equations and
found well fitted Figs. 8 and 9. Tin present in the sample remained as residue in the
form of SnO2 salt. Thus, study will be useful for the separation and recovery of lead,
copper, and tin from such mix concentrate of depopulated PCBs of discarded hard
disc drives.
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Extraction of Tungsten, Yttrium,
and Uranium from Tantalum–Niobium
Ore from Muchinga Province in Zambia

Mazwi Douglas Musowoya, Yotamu Rainford Stephen Hara,
Fredrick Chileshe, Janet Mundundu, and Stephen Parirenyatwa

Abstract A clean method of extracting tungsten, yttrium, and uranium from
tantalum–niobium ore located in the Muchinga province of Zambia has been devel-
oped. Tungsten is selectively extracted by roasting with alkaline at 700 and 750 °C
followed by leaching in water to solubilize alkaline tungstate. The alkaline leach
residue is cured with sulphuric acid to sulphate uranium and yttrium which are then
leached out in acidic media. The effects of sulphation temperature, time, and particle
size were studied. Yttrium was recovered from leach solution via precipitation with
oxalic acid in which yttrium oxalate with purity of more than 99 wt% was obtained.
Uranium was recovered from the leach solution through precipitation with sodium
hydroxide. Extraction of tungsten, yttrium, and uranium from the material concen-
trated tantalum oxide by two times. A process flowsheet was developed based on
optimised test works.

Keywords Tungsten · Yttrium · Uranium · Rare earth · Zambia

Introduction

Yttrium oxide has high temperature stability, and hence, it is used in glass, optic, and
ceramic applications [1]. On the other hand, tungsten oxide is the major source of
tungsten metal, the latter has wider applications in areas where heat resistance, wear
resistance, and hardness are required [2]. By comparison, tantalum and niobium are
both used in special alloys and production of electronic components [3].

The common ore for tantalum and niobium is columbite ((Fe,Mn)(Nb,Ta)2O6),
Tantalite ((Fe,Mn)(Ta,Nb)2O6), Euxenite ((Y,Ca,Ce,U,Th)(Nb,Ti,Ta)2O6), etc. [4].
In Muchinga province of Zambia, tantalum–niobium bearing mineral contains tung-
sten, yttrium, and uranium in significant amounts. The presence of uranium makes
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Muchinga tantalum–niobium ore not easily saleable due to challenges in trans-
portation. This study focuses on extraction of tungsten, yttrium, and uranium from
tantalum–niobium ore with the aim of upgrading tantalum and niobium.

Thermodynamic Consideration

Uranium is soluble in acidic (pH < 6) and alkaline (pH > 10) media [5, 6]. At
lower pH, uranium oxide may be dissolved in sulphuric acid media to yield uranium
sulphate [5, 7] as shown in Eq. 1 while the alkaline dissolution of uranium oxide
may be presented by Eqs. 2 and 3.

UO2 + 2H2SO4 = U(SO4)2 + 2H2O (1)

2UO2 + 4KOH + O2 = 2K2UO4 + 2H2O (2)

2UO2 + 4NaOH + O2 = 2Na2UO4 + 2H2O (3)

There is limited thermodynamic data regarding the dissolution of yttrium in acidic
and alkaline media. However, yttrium may react with sulphuric acid according to
Eq. 4. Note, the Gibbs free energy change for Eq. 4 is negative [8, 9], indicating the
reaction is thermodynamically feasible.

Y2O3 + 3H2SO4 + 5H2O = Y2(SO4)3 ∗ 8H2O (4)

In contrast, tungsten is only soluble in less acidic (pH > 4) [10] or alkaline media.
The solubility of niobium and tantalite has been extensively studied byMakanyire

et al. [11]. It was found that niobium is soluble at pH of less than 0.5. Therefore, the
extraction of tungsten, yttrium, and uranium from Muchinga ore may consequently
lead to production of niobium and tantalum pentoxides.

Experimental

Materials

Chemical analysis of the Muchinga ore is shown in Table 1 from which it can be
observed that the ore contains a number of valuable minerals such as tantalum,
niobium, tungsten, yttrium, and uranium oxides. The gangue impurities are iron
oxide, silica, calcium oxide, titanium oxide, and manganese oxide.
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Table 1 Chemical analysis of the Muchinga ore in weight %

Ta2O5 Nb2O5 UO2 WO2 Y2O3 Fe2O3 CaO SiO2 Al2O3 TiO2 MnO2

6.99 50.15 14.76 6.45 7.99 7.01 2.49 5.06 0.37 0.51 0.60

Metallurgical Test Work

The sample was crushed and milled down to a particle size of less than 106 microns.
The milled sample was mixed with sulphuric acid in the ratio of ore: weight of 1:1
and cured for 2 h at 250 °C. During the curing process, the sample agglomerated
requiring it to be ground with a mortar and pestle. The ground cured sample was
leached in acidic media (pH of 1.8) to dissolve the soluble sulphates formed during
curing. The leach residue was filtered to separate the solids from leach solution. The
leach residue was dried in an oven at 105 °C.

Roasting with Potassium Hydroxide

Ground orewas thoroughlymixedwith 20weight% potassium hydroxide or sodium,
transferred into a clay crucible, and roasted for 1.5 h at 700 and 750 °C to form soluble
potassium tungstate. The roast calcine was leached in alkaline media for 1 h, and the
resulting leach residues were dried in an oven and analyzed.

Chemical Analysis

The as-received ore and all samples from the experiments were analyzed by Rigaku
X-ray fluorescence machine using a pressed pellet method. Each sample was milled
down to particle size of less than 63 microns to make it homogeneous.

Results and Discussion

Acid Curing of the As-Received Ground Material

The results for the sample cured with sulphuric acid are shown in Table 2, and it can
be observed that nearly all yttrium oxide was leached out. In comparison, 50% of
uranium and iron oxides were extracted. On the other hand, the grades of uranium,
tungsten, and iron have decreased slightly and this is due to partial dissolution. By
comparison, the grades of tantalumoxide, niobiumoxide, and silica have all increased
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Table 2 Chemical analysis (weight %) of the as-received ore before and after acid curing

Fraction Ta2O5 Nb2O5 UO2 WO2 Y2O3 Fe2O3 CaO SiO2 Al2O3 TiO2 MnO2

Feed 6.99 50.15 14.76 6.45 7.99 7.01 2.49 5.06 0.37 0.51 0.60

Residue 8.87 63.34 7.54 5.21 0.10 3.54 0.26 6.99 0.77 0.61 0.63

in the leach residue as a result of decrease in the mass of the material due to elements
being leached out.

The Gibbs free energy change for the sulphation of yttrium is more negative than
that of uranium and could explain the partial dissolution of the latter while the former
was nearly all dissolved. Calcium is generally not soluble in sulphuric acid media
but it was mostly dissolved during leaching. This unexpected dissolution of calcium
might be due to the presence of yttrium ions in leach solution.

Alkaline Roasting of the Samples

Chemical analysis results for the sample thatwas roastedwith 20weight%potassium
hydroxide at 700 and 750 °C and leached in alkaline media are presented in Table 3.
Mass balance showed that 98% of tungsten was extracted during leaching process.
Even though uranium is soluble in alkaline media, it did not dissolve during the
leaching process.

The grade of the other elements in the residue did not change significantly from
the feed, and this is because tungsten was replaced by potassium. Results from the
analysis of the leach solution are shown in Table 4 from which it can be observed
the major elements in the solution are tungsten, potassium, silicon, sodium, and
phosphorous in the decreasing order. Based on this, it can be concluded that alkaline
roast—leach is very selective in extracting tungsten among the valuable elements in
Muchinga ore. The formation of potassium tungstate proceeds according to Eq. 5.

2WO2 + 4KOH + O2 = 2K2WO4 + 2H2O (5)

Table 3 Chemical analysis for the residue that was obtained after roasting ore with 20 weight %
potassium hydroxide

Sample
ID

Ta2O5 Nb2O5 UO2 WO2 Y2O3 Fe2O3 CaO SiO2 Al2O3 TiO2 MnO2 K2O

Feed 6.99 50.15 14.76 6.45 7.99 7.01 2.49 5.06 0.37 0.51 0.60

700 °C
residue

6.21 51.09 11.75 0.45 7.42 5.84 0.71 4.79 0.21 0.37 0.35 8.11

750 °C
residue

6.47 50.90 11.36 0.35 7.44 5.90 1.56 5.69 0.16 0.18 1.14 7.83



Extraction of Tungsten, Yttrium, andUranium fromTantalum–Niobium… 99

Table 4 Chemical analysis in weight % of the leach alkaline solution. The ore was roasted with
KOH at 750 °C and water leached

W K Si P Na S Al Mn

15.00 31.59 4.38 0.94 1.13 0.36 0.4 0.56

Acid Curing of the Alkaline Roast—Leach Residue

The alkaline roast—leach residue was cured with sulphuric acid, and chemical anal-
ysis for the acid curing—leach residue is shown in Table 5. It is evident from
the results in Table 5 that both yttrium and uranium were completely dissolved
during leaching and hence extracted. The dissolution of uranium and yttrium leads
to upgrading of tantalum and niobium to 10.6 and 67.04 weight %, respectively.

Recovery of Valuable Metals from Leach Solution

Precipitation of Tungsten

Tungsten oxide was recovered from the alkaline roast—leach solution via precipita-
tion with sulphuric acid by following the stoichiometric in Eq. 6. Chemical analysis
of the precipitate from the alkaline roast—leach solution is shown in Table 6. It can
be observed that the dried precipitate has 93.63 weight % WO3. The impurities in
the precipitate in the decreasing order are K2O, Al2O3, Cl, S, CaO, and Fe2O3. It is
possible that thorough washing of the precipitate may further decrease the grades of
K2O and S. Uranium was not detected in the precipitate as shown from the results in
Table 6, and measurement using a Geiger counter showed no radiation.

K2WO4 + H2SO4 = WO3 + K2SO4 + H2O (6)

Precipitation of Yttrium

Oxalic acid (C2H2O4) was utilized to selectively precipitate out yttrium as an oxalate
according to Eq. 7, where it can be noted that the precipitation of yttrium oxalate
generates sulphuric acid and hence the solution becomes acidic. The reaction between
yttrium sulphate and oxalic acid was very rapid, reaching completion within 5 min.
Yttrium oxalate was then heated in air to decompose it to yttrium oxide as shown in
Eq. 8. It can be observed (Table 7) that the precipitate has 99.01 weight % Y2O3.

Y2(SO4)3 + 3C2H2O4 = Y2(C2O4)3 + 3H2SO4 (7)
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Table 6 Chemical analysis (weight %) results for the precipitate from the alkaline roast—leach
solution

WO3 K2O S Al2O3 CaO Cl SiO2 UO2 Nb2O5 Ta2O5 Fe2O3

93.63 3.23 0.46 0.89 0.43 0.85 < 0.01 ND ND ND 0.13

Table 7 Chemical analysis (weight%) for the precipitated yttrium oxide

Ta2O5 Nb2O5 UO2 WO2 Y2O3 Fe2O3 CaO Al2O3 MgO Na2O Ni Co

0.00 0.00 0.00 0.18 99.01 0.16 0.20 0.10 0.06 0.02 0.08 0.17

Table 8 Chemical analysis in % weight for the precipitated uranium oxide

Ta2O5 Nb2O5 UO2 WO2 Y2O3 Fe2O3 CaO SiO2 Al2O3 MgO Na2O MnO2

<
0.01

< 0.01 71.85 < 0.01 0.00 0.48 16.93 0.31 0.52 0.72 6.76 < 0.01

Y2(C2O4)3 = Y2O3 + CO2(g) + CO(g) (8)

Precipitation of Uranium

Solubility of uranium in solution is pH dependent, as is the formation of uranium
hydroxide due to the solubility of uranium hydroxide at a lower pH (Eq. 9).

U(SO4)2 + 4NaOH = U(OH)4 + 2Na2SO4 (9)

Uranium was precipitated from the solution at a pH of 9.3 by using sodium
hydroxide. Chemical analysis of the precipitated yellow or uranium cake is shown in
Table 8, where it is evident that the yellow cake has 71.85 weight % uranium oxide.
The main impurities in the cake are calcium and sodium oxides.

General Discussion

The results obtained from the laboratory test works have clearly shown that tungsten,
yttrium, and uranium may be extracted from tantalum–niobium ore from Muchinga
province of Zambia. The extraction of tungsten, yttrium, and uranium upgrades
tantalum and niobium in the leach residuewhichmay be processed further to produce
separate oxides of tantalum and niobium. The developed process flowsheet from the
test works is shown in Fig. 1.
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Fig. 1 Proposed process flowsheet based on optimized test works

Conclusions

From the test works carried out, the following conclusions were made:

1. Curing of the material with sulphuric acid at 250 °C followed by leaching in
acidic media gives leach efficiency of 98.6% for yttrium. On the other hand, the
leach efficiencies for iron and uranium are less than 50%.

2. Tungsten was selectively extracted among the valuable elements in the material
via alkaline roast—leach process. The leached tungsten was precipitated with
sulphuric acid at a pH of 1.8. Chemical analysis of the precipitate gave 93.63
weight % tungsten oxide.

3. Yttriumanduraniumwere both dissolvedwhen the alkaline roast—leach residues
were cured with sulphuric acid at 250 °C.

4. Yttrium was recovered from solution via precipitation with oxalic acid. The
precipitate had about 99.01 weight % Y2O3.

5. Uranium was recovered from leach solution using sodium hydroxide and the
precipitate had 71.85 weight % UO2. The main impurities in precipitate were
calcium oxide.
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Production of High-Purity Mg Metal
from Various MgO Resources Through
a Novel Electrolytic Process Using a Cu
Cathode and Vacuum Distillation

Hyeong-Jun Jeoung, Tae-Hyuk Lee, Youngjae Kim, Jin-Young Lee,
Young Min Kim, Toru H. Okabe, Kyung-Woo Yi, and Jungshin Kang

Abstract Recently, a new eco-friendly electrolytic process using a metal cathode
followed by vacuumdistillationwas developed to produce high-purityMgmetal from
MgO. In this study, the viability of this novel Mg metal production process using
primary and secondary resources containing MgO as a feedstock was examined.
In the electrolysis experiments, an average current of 1.44 A was applied to the
electrolysis cell at 1043 K for 12.5 h using Cu cathode and graphite anode in an
Ar gas atmosphere. The electrolysis yielded Mg–Cu alloys of 14.0–14.4 mass% Mg
with an average cell potential of 2.43–2.67 V and current efficiency of 89.6–92.4%.
Vacuum distillation of the Mg alloys, obtained after the electrolysis, at 1300 K for
10 h yielded Mg metals with a purity of 99.994–99.999%. Therefore, this study
demonstrated that the production of high-purity Mg metal from various resources
that contain MgO through the novel Mg metal production process is feasible.

Keywords Magnesium metal · Magnesium oxide resources · Molten salt
electrolysis · Copper cathode · Vacuum distillation
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Introduction

Magnesium (Mg) metal is gaining significant attention in various applications owing
to its superior properties, such as lightweight and high specific strength [1]. For the
production ofMgmetal, the Pidgeon and electrolytic processes are currently used [2].
In the Pidgeon process, Mg metal is produced through thermal reduction of calcined
dolomite (CaO:MgO) using ferrosilicon (Fe:Si) at 1373–1473 K under vacuum [2,
3]. In the electrolytic processes, Mg metal is produced through electroreduction of
anhydrous magnesium chloride (MgCl2) at 928–993 K [2].

However, there are several disadvantages in the commercial Mg metal production
processes [2]. The Pidgeon process is a high energy-consuming process. In addition,
it generates large amounts of carbon oxide (COx) and sulfur oxide (SOx) gases during
Mg production. The electrolytic processes require energy-intensive procedures for
anhydrousMgCl2 preparation. In addition, it generates toxic chlorine (Cl2) gas during
electrolysis.

Under these circumstances, several research efforts have been made to develop
a process with environmental friendliness and effectiveness [4–10]. Among the
processes, molten salt electrolysis of magnesium oxide (MgO) using a high-density
metal cathode, such as copper (Cu), silver (Ag), or tin (Sn), followed by vacuum
distillation is promising when the generation of oxygen (O2) gas using an inert
anode and high current efficiency of electrolysis are considered [6–9]. In this process,
MgO dissolved in a magnesium fluoride (MgF2)–lithium fluoride (LiF) molten salt
at 1053–1083 K is electroreduced to a high-density Mg alloy at the bottom of the
electrolysis cell, thereby hindering the loss of Mg metal due to the recombination
reaction with reactive gases, such as O2 generated at the anode. The obtained Mg
alloy is recovered as high-purityMgmetal with a purity of 99.999% through vacuum
distillation at 1200–1300 K.

In this study, we investigated the feasibility of producing Mg metal from MgO-
containing primary and secondary resources through molten salt electrolysis using
a Cu cathode, followed by vacuum distillation, as shown in Fig. 1. This is because
the utilization of these resources has various advantages. For example, the primary
resource has highMgO content and a large amount of reserves [11].When secondary
resources are used, processing required to produce MgO from primary resources
is not necessary or reduced, and waste generation is reduced [10]. Therefore, the
competitiveness and environmental friendliness of the process will be enhanced
especially when secondary resources are used as a feedstock.
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Fig. 1 Flowchart of novel
Mg metal production process
used in this study for
producing high-purity Mg
metal from MgO-containing
resource

Experimental

Feedstock Preparation

Before being used as a feedstock, pretreatment was conducted on the primary and
secondary MgO resources used in this study. In case of the magnesite from North
Korea and seawaterMgOclinker, both ofwhich are the primaryMgOresources, calci-
nation at 1073 K and drying at 383 K were conducted, respectively. The secondary
MgO resource from MgO–C refractory brick was oxidized at 1073 K.

Molten Salt Electrolysis

Before electrolysis, MgF2, LiF, and potassium chloride (KCl) were dried under
vacuum at 453 K for more than 72 h to remove water. Further, pre-electrolysis was
conducted on a mixture of MgF2–LiF–KCl salt to remove impurities by applying a
current of 0.15 A for more than 1 h. Afterward, the pre-electrolyzed MgF2–LiF–
KCl salt was charged in a graphite crucible, as shown in Fig. 2a. The graphite
crucible was connected to a nickel (Ni) wire as the current lead. In addition, in the
graphite crucible, a Cu cathode assembly was positioned, in advance. Subsequently,
the graphite crucible was placed inside a vertical stainless steel reactor. Afterward,
the reactor was assembled with a top flange plugged with a viton plug, and the inte-
rior gas of the reactor was changed to argon (Ar) gas. During electrolysis, Ar gas
was continuously flowed to maintain the internal pressure of the reactor at 1 atm.
After the installation of the reactor in a vertical electric furnace, the temperature was
increased to 1043 K, and electrolysis was performed using a galvanostat by applying
an average current of 1.44 A for 12.5 h. After the completion of electrolysis, the
reactor was cooled to room temperature, and the Mg alloy was recovered.
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Fig. 2 Schematic of a molten salt electrolysis and b vacuum distillation experimental apparatus

Vacuum Distillation

For vacuum distillation, the Mg alloy obtained after electrolysis was charged at the
bottom of the graphite crucibles stack, as shown in Fig. 2b. The graphite crucibles
stack was then placed inside a vertical steel reactor. The reactor was plugged with a
viton plug and then evacuated. Subsequently, the reactor was set in a vertical electric
furnace that was preheated to 1300 K. After vacuum distillation was conducted for
10 h, the reactor was removed from the electric furnace.When the reactor was cooled
to room temperature, Mg metal and residue were recovered.

Results and Discussion

Feedstock for Molten Salt Electrolysis

Figure 3 shows the results of the XRD analysis of the feedstocks used for molten salt
electrolysis. As shown in Fig. 3, the main crystalline phase identified in the resources
wasMgO. The only difference observed in the XRD results was that C was identified
in the oxidized MgO–C refractory brick owing to the insufficient oxidization.

Meanwhile, Table 1 shows that the purities of MgO in the calcined magnesite
from North Korea, seawater MgO clinker, and oxidized MgO–C refractory brick
were 97.4%, 98.3%, and 87.2%, respectively. Therefore, the primary and secondary
resources containing MgO used in this study are suitable feedstocks for the novel
Mg metal production process using MgO as a feedstock.
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Fig. 3 XRD results of
feedstocks used in this study

Molten Salt Electrolysis

As shown in Table 2, the average cell potential measured was 2.43–2.67 V when
the electrolysis of primary and secondary MgO resources was conducted in the
MgF2–LiF–KCl molten salt at 1043 K by applying an average current of 1.44 A for
12.5 h. The average cell potential measured is 0.81–1.05 V lower than the theoretical
decomposition voltage of KCl, the supporting electrolyte component with the lowest
theoretical decomposition voltage at 1043Kunder standard state [12]. In addition, the
theoretical decomposition voltage of MgO obtained using a graphite anode is 1.47–
1.50 V at 1043 K [12], and the estimated decomposition voltage of MgO obtained
using a graphite anode is 1.76 V at 1083 K [9]. Therefore, regardless of the type
of feedstock, the electrolysis of MgO proceeded without the generation of Cl2 gas
or fluorine (F2) gas by the decomposition of the supporting electrolyte during the
electrolysis.

Figure 4 shows the current efficiencies obtained after the electrolysis of theMgO-
containing resources used in this study. The current efficiency was calculated using
Eq. (1) [6–10].

Current efficiency, η(%)

=
(

Actual weight ofMg obtained

Theoretical weight ofMg obtained using Faraday′s law

)
× 100 (1)
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Table 2 Experimental conditions and results for the electrolysis of MgO-containing resources
using a Cu cathode in MgF2–LiF–KCl molten salt at 1043 K

Exp. no.a Feed Feed weight,
wfeed/g

Avg. potential,
E/V

Conc. of element i, Ci (mass%)b

Mg Li Al Si Cu

210224 Calcined
magnesite from
North Korea

30.00 2.43 14.0 0.09 0.05 0.04 Bal.

210318 Seawater MgO
clinker

30.00 2.67 14.4 0.03 0.06 0.02 Bal.

210228 Oxidized
MgO–C
refractory brick

40.00 2.48 14.3 0.10 0.08 0.03 Bal.

a Experimental conditions;
(1) Weight of MgF2 = 256.0 g, weight of LiF = 219.0 g, and weight of KCl = 25.0 g
(2) Weight of Cu pellets used for the cathode = 45.0 g
(3) Reaction time, t = 12.5 h, applied average current, i = 1.44 A

b Determined by ICP-OES analysis

Fig. 4 Current efficiencies
obtained after the electrolysis
of MgO-containing
resources used in this study

As shown in Fig. 4, the current efficiency of 89.6–92.4% was obtained when
the Mg alloy of 14.0–14.4 mass% Mg was produced after the electrolysis of the
calcined magnesite from North Korea, seawater MgO clinker, and oxidized MgO–C
refractory brick. Therefore,when the values of the high current efficiency and average
cell potential are considered, the reduction of Mg2+ ions by Eq. (2) and the oxidation
of O2− ions by Eq. (3) were the reactions that mainly occurred at Cu cathode and
graphite anode, respectively, during the electrolysis.

Mg2+ (inmolten salt) + 2 e− + Cu (s) = Mg−Cu (s, l) (2)
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C(s) + x O2− (inmolten salt) = COx (g) + 2 x e− (x = 1, 2) (3)

However, the experimental results showed that the current efficiency of electrol-
ysis did not reach 100%. In the molten salt electrolytic process using a high-density
metal cathode, the occurrence of side reactions and evaporation of Mg from Mg
alloy can affect the current efficiency of electrolysis. Meanwhile, it is shown in Table
2 that the Mg alloys obtained after the electrolysis contain total impurities with a
concentration of 0.11–0.21 mass%. Therefore, the occurrence of side reactions such
as the reaction between aluminium oxide (Al2O3) and reduced Mg was one of the
reasons for the decrease in the current efficiency [6, 9].

Meanwhile, Fig. 5 shows that the vapor pressure of Mg in the Mg alloy increases
to 9.21× 10–4 atm as theMg concentration in theMg–Cu alloy approaches 15mass%
at 1043 K [13]. Although Mg evaporates actively from the Mg alloy when its vapor
pressure inMg alloy becomes larger than 0.01 atm [14], the vapor pressure of 9.21×
10–4 atm is sufficient for the evaporation of a certain amount of Mg from Mg alloys.
Therefore, the evaporation of Mg is also thought to contribute to the reduction in
current efficiency during the electrolytic production of 15 mass% Mg–Cu alloy at
1043 K.

Interestingly, the concentration of impurities analyzed in the Mg alloys obtained
after the electrolysis was low, although the feedstock contained a large amount of
corresponding oxides. In the case of the oxidized MgO–C refractory brick feed,
it contained 8.22 mass% Al2O3 as the impurity. However, only trace amounts of

Fig. 5 Phase diagram of the Mg–Cu binary system with the isobaric line of vapor pressure of Mg
as a function of the temperature and Mg concentration
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Fig. 6 XRD results of Mg
alloys obtained after the
electrolysis of
MgO-containing feedstock
used in this study

aluminium (Al) were identified in theMg alloy obtained after the electrolysis. There-
fore, this result indicates that the electroreduction of Al2O3 dissolved in the MgF2–
LiF–KCl at 1043 K, which can affect the electroreduction of MgO in the feedstock,
was limited during the electrolysis.

Figure 6 shows the results of the XRD analysis of the Mg alloys obtained after
the electrolysis. As expected from Fig. 5, the Mg alloy containing 14.0–14.4 mass%
Mg had a mixture of MgCu2 and Cu (Mg) phases.

Vacuum Distillation of Obtained Mg Alloy

As presented in Table 3, when theMg alloys obtained after the electrolysis of primary
and secondary MgO resources were vacuum distilled at 1300 K for 10 h, Mg metals
with a purity more than 99.994% were produced.

Meanwhile, Table 3 shows the decrease in the concentrations of lithium (Li) in
the alloys after vacuum distillation. Because Li has a vapor pressure of 0.07 atm at
1300K [12], it is expected that Li would evaporate from theMg alloys during vacuum
distillation. However, when the concentration of Li in the Mg metal, < 0.001 ppm,
is taken into account, Li is expected to be deposited in a region different from that
where Mg is present.
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Table 3 Experimental conditions and analytical results of vacuum distillation ofMg alloy obtained
after the electrolysis

Exp. no.a Feed alloy Concentration of element i, Ci (mass%)

Mg metal produced Residue at bottom of reactorc

Mgb Mg Li Al Si Cu

Alloy obtained using calcined magnesite from North
Korea

14.0 0.09 0.05 0.04 Bal.

Alloy obtained using seawater MgO clinker 14.4 0.03 0.06 0.02 Bal.

Alloy obtained using oxidized MgO–C refractory brick 14.3 0.10 0.08 0.03 Bal.

210405 Alloy from Exp. no.
210224

99.994 1.40 N.D 0.05 0.05 Bal.

210408 Alloy from Exp. no.
210318

99.999 1.41 N.D 0.07 0.03 Bal.

210406 Alloy from Exp. no.
210228

99.994 1.51 N.D 0.10 0.04 Bal.

a Experimental conditions;
(1) Reaction temp. T = 1300 K, reaction time, t = 10 h, and feed alloy weight, wfeed = 30 g
(2) Titanium sponge was used in Exp. no. 210408

b Determined by GD-MS analysis; The purity of Mg was calculated by subtracting the sum of all
impurities except gaseous species, Detection limit of the GD-MS was < 0.001−0.144 ppm
c Determined by ICP-OES analysis; N.D: Not Detected (< 0.0025−0.0060 mass%)

Conclusions

A feasibility of the novel Mgmetal production process for producingMgmetal from
various MgO resources was investigated. The electrolysis of the calcined magnesite
from North Korea, seawater MgO clinker, and oxidized MgO–C refractory brick
yieldedMg–Cualloys of 14.0–14.4mass%Mgwhenan average current of 1.44Awas
applied at 1043 K for 12.5 h. The current efficiencies of 89.6–92.4% were obtained
after the electrolysis of the primary MgO resources, such as calcined magnesite
from North Korea and seawater MgO clinker. The current efficiency of 92.3% was
obtained after the electrolysis of the secondary MgO resource, oxidized MgO–C
refractory brick, owing to the high MgO purity. When vacuum distillation of the
Mg alloy was conducted at 1300 K for 10 h, high-purity Mg metal with a purity
of 99.994–99.999% was produced, regardless of the type of feedstock. Thus, high-
purity Mg metal production from various MgO resources is feasible through the
novel electrolytic process using a Cu cathode, followed by vacuum distillation.
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Recovery of Copper Metal
from Discarded Printed Circuit Boards
(PCBs) by Hydrometallurgical
and Electrometallurgical Processes

Om Shankar Dinkar, Rukshana Parween, Rekha Panda,
Pankaj K. Choubey, Balram Ambade, and Manis Kumar Jha

Abstract Limitedmetal resources and significant environmental hazards have urged
researchers to find sustainable technology for recycling of waste printed circuit
boards (PCBs) to recover metals. Therefore, the present paper is focused on the
recovery of copper (Cu) from waste PCBs using mechanical pre-treatment followed
by hydrometallurgical processing. Initially, depopulated PCBs were pre-treated to
get enrich copper in metallic concentrate. Further, experiments were carried out with
varying different process parameters, i.e. acid concentration, oxidant concentration,
time, etc., to obtain optimized condition for efficient Cu leaching from metallic
concentrate. It was found that 99.9% Cu was leached using 20% H2SO4 at 75 °C in
the presence of 20% H2O2 within 120 min maintaining 100 g/L pulp density. The
obtained leach liquor could be used for electro-winning to recover pure copper metal.

Keywords Waste printed circuit boards · Pre-treatment · Froth flotation ·
Hydrometallurgy processes

Introduction

Due to rapid economic growth and continuous replacement of old electrical and
electronic devices with advanced one resulted in the generation of massive amount
of discarded e-waste such as personal computer, printer, and mobile phone. These
e-wastes essentially contain printed circuit boards (PCBs) as a key component which
is made up of glass reinforced resin and copper metal sheet including valuable metals
(silver, gold, platinum, etc.) and hazardousmetals. It has been reported that 52million
metric tons (Mt) e-waste were generated in 2021. But, only 10–20% e-waste are recy-
cled by formal sector while others remain unaccounted or treated by informal sector
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which may cause environmental pollution as well as loss of valuables. Hence, it has
been necessary to develop sustainable process for recovery of metals from e-waste in
an eco-friendly way. Various processes have been reported for the recovery of metals
from PCBs using pyrometallurgical and hydrometallurgical processes. During the
pyrometallurgical process, poisonous fumes were evolved. Therefore, hydrometal-
lurgical process consisting of pre-treatment, leaching, and solvent extraction has
been considered adequate for metal recovery from PCBs [1–4].

As a result, the hydrometallurgical approach, which includes pre-treatment,
leaching, solvent extraction, evaporation, and electro-winning procedures, is deter-
mined to be the best for recycling valuable metals with high commercial grade. As a
result, there have been earnest attempts made globally to develop a process that uses
mechanical pre-treatment in conjunction with hydrometallurgical technology [5].

The development of a revolutionary recycling method for PCBs, which involves
releasing the metals from the PCBs through organic swelling and then treating the
resin to get rid of or recover the hazardous soldering elements, has been the subject
of several investigations. Lead, a dangerous metallic component, must be recovered
from the resin’s freed resin. Fresh solder that contained 63.9% Pb and the remainder
Sn was used for leaching investigations. According to experimental findings under
various circumstances, lead dissolved with 6 MHNO3 at a solid-to-liquid (S/L) ratio
of 1:10 (g/mL) in 75 min [6]. Sulfuric acid and hydrogen peroxide leaching are
optimized, and the amount of chemicals used at each stage is estimated. With 75 g/L
pulp density and 3.5 mol/L sulfuric acid and 6% hydrogen peroxide, two optimum
conditions for the leaching of copper were discovered and experimentally verified.
These conditions differed in leaching temperature and time (186 min, at 60 °C, at
20 °C versus 60 min). Using electro-winning, copper was extracted directly from
the leachate with a recovery rate of over 92% and a product purity of over 99.9%.
Hydrogen peroxide and strong sulfuric acid were added during five consecutive
recirculation cycles, and recovery rates were high [7].

From the extensive literature review made, it can be concluded that there is still
lack of feasible and indigenous technology for complete recovery of valuables from
waste PCBs in view of its feasibility and environmental concern. Due to significant
conflict between availability of natural resources and lack of viable technology, labo-
ratory scaleKnow-Howhas been developed by scientists at CSIR-NML to recoverCu
from metallic friction of waste PCBs using hydrometallurgical route. The developed
process is feasible and economical and will be helpful to fulfill the future demands
of this metal.
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Experimental

Materials

Scrap personal computers (PCs) were collected from local market and used for
experimental purpose. Initially, PCs were disassembled to separate the PCBs and
other components. Thereafter, PCBs were mechanically pre-treated using crushing,
grinding, and gravity separation process to enrich the metallic values in concentrate.
The typical analysis of metal values in metallic concentrate is presented in Table 2.
Different leaching agents like sulfuric acid and hydrogen peroxide were supplied by
Merck, India, used for experimental purpose to leach the metals whereas deionized
water was used for dilution of sample.

Methodology

Pre-treatment of the Waste PCBs

PCBs were dismantled and depopulated using hot air gun (DeWalt D26414). Naked
PCBs were used for mechanical pre-treatment. Then, reduced size naked PCBs were
pulverized into fine powder using pulverizer. Pulverized product comprised metallic
concentrate,mix-metallic fractions, and epoxy resins. Further, the pulverized product
was sieved in sieve shaker using mesh size of 150 (µ) microns which separates over-
sizedmaterials and fine particles of pulverized PCBs. The sievedmetallic concentrate
contains copper, nickel, lead, tin, aluminum, and iron. Thereafter, gravity separation
technique was followed up using spiral concentrator or by thoroughly mixing the
concentrate in water using mixer rod.

Heavier metallic concentrate was settled at the bottom, and epoxy resins are
floated at the top of the slurry system which were skimmed off from the system
and collected separately. Ceramics consisting of water and metallic concentrate
containing pure copper with some impurities were collected separately. The copper
containing concentrate is washed and dried in vacuum oven at temperature of 120 °C
for 3 h whereas undersized ceramics is filtered and dried, and water is recycled
for further processing. The process scheme developed for the recovery of copper
concentrate from PCBs is shown in Fig. 1.

The samples are very heterogeneous in nature and mainly depend on the quality
and type of PCBs used for various applications. Data collected by few sets of experi-
ments based on 1 kg waste PCBs after every step of pre-treatment are shown in Table
1. The typical composition of metals in the PCBs samples is shown in Table 2.
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Cu solution

Electrowinning

Leaching

Product

Residue 
(Pd,Sn & Al)

Epoxy & 
Ceramics

Depopulated PCBs 

Crushed PCBs

Cu concentrate

Pulverized PCBs

Froth flotation & 
gravity separation 

Crushing

Pulverizing

Fig. 1 Proposed flow-sheet for the processing of waste PCBs

Table 1 Data collected based on 1 kg waste PCBs

Wt. after cutting
(g)

Total wt. after
pulverize-1 and 2
+ Sieve (g)

Wt. of
mix-metals (g)

Wt. of epoxy and
ceramics (g)

Wt. of metallic
concentrate (g)

900 790 60 589 213

994 859 59 565 255

994 831 78 509 244

Table 2 Composition of metals in metallic concentrate

Elements Cu Ni Pb Sn Al Fe

Wt. (%) 94.39 0.05 1.74 1.51 1.5 0.8
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Leaching Studies

The leaching experimentwas carried out in 2L three necked round-bottomed leaching
reactor fitted with condenser and temperature control sensor with continuous stirring
at fixed rpm, which was placed on hot plate to control temperature and stirring
speed. Various process parameters were, viz. effect of leachate concentration; time,
temperature, pulp density, and stirring speed were optimized. Further, a fixed amount
of metallic concentrate is precisely weighted and then sulfuric acid (H2SO4) and
hydrogen peroxide (H2O2) is used as leaching agents.When the solution temperature
reaches up to desired temperature, then sample was added slowly with continuous
stirring at fixed rpm. The Cu metal and other impurities present in the concentrate
were leached using 20% H2SO4 and 20% H2O2 at 75 °C for 2 h to maintain pulp
density of 100 g/L for maximum dissolution of metals. Leach liquor was filtered, and
the residue obtained was washed (Pd, Sn & Al), dried in vacuum oven, and further
treated for electro-winning. The chemical reactions occurring in H2SO4 and H2O2

media are presented Eq. 1 [8].

H2O2 + Cu0 + H2SO4 → CuSO4(aq) + 2H2O (1)

Analytical Procedure

Atomic absorption spectrometer (AAS, VARIAN AA240 + VGA77) was used for
analysis of metals in the leach liquor generated during leaching studies. pH meter
(Model: 797 Basic Titrino; Make: Metrohm, Switzerland) with an electrode and
automated temperature correction was used to measure the pH of the solution.

Results and Discussion

Effect of Leachate Concentration

Leaching experiments were carried out by varying the sulphuric acid from 5 to 25%
(v/v) at 75 °C for 120 min in the presence of an oxidant (H2O2) to leach the copper
frommetallic concentrate of PCBs. Figure 2 shows that 25.60%Cuwas leached with
5% H2SO4 at 75 °C in 120 maintaining pulp density 100 g/L, while 99.9% Cu was
leached in 20% H2SO4 while other parameters were kept constant. The enhance-
ment in leaching efficiency was observed with increase in acid concentration due to
increase in the flow of H+ ions across the particle boundaries of metallic concen-
trate [9]. Further, increase in acid concentration above 20% H2SO4 had no effect
on the leaching efficiency of copper. Therefore, 20% H2SO4 has been considered as
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Fig. 2 Effect of H2SO4
Conc. (v/v%) [Acid—20%
H2O2 Time - 120 min,
Temperature - 75 °C, and
Pulp density - 100 g/L]
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optimum sulphuric acid concentration for copper leaching from metallic fraction of
PCBs.

Effect of H2O2 Concentration

To determine the effect of oxidant (H2O2) concentration on the leaching of Cu from
the metallic concentrate of waste PCBs, the experiment was performed using a pulp
density of 100 g/L, time of 120 min, temperature of 75 °C, and 20% sulphuric acid.
It was observed that the leaching percentage of copper increased with an increase in
oxidant concentration (H2O2) as shown in Fig. 3. The leaching percentage of copper
was increased from 28 to 99.9%with an increase in the concentration of H2O2 from 5
to 20% (v/v). When H2O2 breaks down, oxygen is produced. This oxygen combines
with copper to form cupric oxide, which then reacts with H2SO4 to form cupric
sulphate [10, 11]. Equation (2) shows the leaching reaction, in which sulphuric acid
and hydrogen peroxide act together actively as reactants [10].

Cu0 + H2O2 + H2SO4 = Cu2+ + SO2−
4 + 2H2O (2)

Effect of Time

Experimentswere conducted by varying time range from5 to 150min bymaintaining
pulp density of 100 g/L at 75 °C to optimize the equilibration time for the leaching of
Cu from metallic friction. The results (Fig. 4) show that leaching reaction of copper
increases with increase in mixing time. 36.22% copper dissolved in 5 min, whereas
99.9% copper dissolved was found in 120. Additionally, increasing the reaction time
has no effect on effectively dissolving the copper. It shows that the reaction has
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Fig. 3 Effect of H2O2 Conc.(v/v%) [Acid—20% H2SO4, Time - 120 min, Temperature - 75 °C,
and Pulp density - 100 g/L]
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Fig. 4 Effect of time [Acid—20% H2SO4 + 20% H2O2 (v/v), Pulp density - 100 g/L, and
Temperature - 75 °C]

reached equilibrium in 120 min, so 120 min is chosen as the optimized reaction time
for the dissolution of copper from metallic friction.

Effect of Temperature

To see the role of temperature on copper leaching frommetallic concentrate of PCBs,
experiments were carried in a range of temperature varying from 25 to 85 °C in 20%
H2SO4 and 20% H2O2 (v/v) for 20 min at pulp density of 100 g/L. It was found
that leaching of copper increased from 51.7 to 99.99%, with increase in temperature
from 25 to 75 °C (Fig. 5) due to increase in the rate of reaction. It was observed that
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Fig. 5 Effect of temperature
[Acid—20% H2SO4 + 20%
H2O2, Pulp density -
100 g/L, and Time-120 min]
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reaction attained the equilibrium at 75 °C and further temperature had no significant
effect on copper leaching. Therefore, 75 °C has been chosen as optimum temperature
for copper dissolution.

Kinetic Studies

The leaching data obtained at different times (5–120 min) and temperatures (25–
75 °C) were fitted with kinetics models/equations to determine the leaching mech-
anism of copper [12]. In all these equations for copper, this equation was selected
(1–(1–X) 1/2Kct), where Kc is the reaction rate constant (min−1), t = time (min), and
x = value and reaction the basis of metal fraction (% extraction/100) is shown in
Fig. 6. The highest value of R2 is considered to be the basis for selecting the equation
for one of the models, i.e. the regression coefficient obtained in the case of mixed
samples and constants. The complete process flow-sheet developed for the recovery
of Cu from metallic friction from waste PCBs is presented in Fig. 7.

Film diffusion control dense constant size small particles in all geometries (Eq. 3)

Fig. 6 Kinetics of Cu
dissolution [Acid: 20%
H2SO4 + 20%H2O2 (v/v)
and Pulp density: 100 g/L]
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Fig. 7 Developed process
flow-sheet to recover Cu
from copper concentrate of
discarded PCBs

Filtration Leached residue 

Leaching
(75oC, 2h, 100g/L)20% H2SO4 

   +20% H2O2

Evaporation (Enrichment of 
copper concentration)

Leach liquor   

Electro-winning Anode slime

Copper metal 

Cu Concentrate

X Kct (3)

Film diffusion control dense shrinking spheres (Eq. 4)

1 − (1 − X)2/3Kct (4)

Chemical reaction control dense constant size cylindrical particles (Eq. 5)

1 − (1 − X)1/2Kct (5)

Chemical reaction control dense constant size or shrinking spheres (Eq. 6)

1 − (1 − X)1/3Kct (6)

Ash diffusion control dense constant size spherical particles (Eq. 7)

1 − 3(1 − X)2/3 + 2(1 − X) Kct (7)
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Treatment of Residues, Effluent, and Gases Evolved During
Metal Recovery

After the metal was dissolved, the leached residue was primarily subjected to TCLP
testing before being used or disposed of in the environment. The residue was safe for
use as disposal because the presence ofmetalswas below the allowed limit, according
to the TCLP results. The gases produced during the leaching process were condensed
back because the leaching was done in a reactor with a condenser. After extraction,
the effluent was collected and taken to effluent treatment facility for neutralization,
where the pH was measured and kept at 7 before being disposed of otherwise we can
reuse after treating.

Conclusions

In this study, a feasible process to recover Cu from waste printed circuit boards
(PCBs) using the hydrometallurgical route is developed. The following steps are
involved to achieve the above objective:

• More than 94% metallic concentrate was observed by the mechanical froth
flotation and gravity separation processes.

• It was found that 99.9% Cu leached with 20% sulfuric acid and 20% H2O2 (v/v)
at 75 °C, 100 g/L, and time 120 min.

• Copper leaching followed the shrinking core model in this Eq. 1–(1–X)1/2Kct.
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New Insights on Titanium(IV) Speciation
to Improve the Purification
of Concentrated Phosphoric Acid

Alexandre Chagnes, Lucas Mangold, Hubert Halleux, and Gérard Cote

Abstract The first step of phosphoric acid production consists of leaching
phosphate-containing material (mainly from primary resources) with sulfuric acid.
During this step, a wide range of metallic elements are also leached, leading to high
concentrations of impurities in phosphoric acid. Solvent extraction is the suitable
technology to reach a high extraction efficiency of phosphoric acid while minimizing
impurity co-extraction. In the case of an extraction solvent containing a mixture
of n-tributyl phosphate (TBP) and di-iso-propyl ether (DiPE), titanium(IV) is co-
extracted with phosphoric acid. In order to reduce titanium(IV) co-extraction, it is of
great interest to understand the mechanisms involved at the liquid–liquid interface,
which is controlled by the speciation. This paper gives an overview on the specia-
tion of titanium(IV) in non-complexing media in order to get relevant information
to investigate the titanium(IV) speciation in concentrated phosphoric acid.

Keywords Titanium(IV) · Speciation · Non-complexing media · Phosphoric acid

Introduction

The production of phosphates is crucial since phosphates are used formany industrial
applications in large quantities, including the production of fertilizers. Phosphorite
and phosphorus have also been on the list of the 30 critical raw materials defined
by the European Union since 2014 [1]. Worldwide, it is estimated that around 227
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million tonnes of marketable phosphates (P2O5 content > 30% after ore beneficiation
[2])were produced in 2019 and 223million in 2020 [3]. In 2020, the global demand in
phosphate for fertilizers reached 47.1 million tons P2O5 equivalent with a projected
growth of 3% of additional demand each year [4].

The production of phosphoric acid from phosphate rocks relies on pyrometallurgy
and hydrometallurgy. The pyrometallurgical route makes it possible to obtain a high
purity phosphoric acid whose concentration is between 75 and 85% (m/m H3PO4).
However, this route is very marginal (approximately 5% in 2007) due to its high
energy cost and its environmental impact. This route consists of a high-temperature
reduction of the phosphates to phosphorus in an electric furnace in the presence of
silica or coke [5]. The phosphorus thus produced is then recovered by condensation,
and then it is oxidized and then hydrolyzed into phosphoric acid [6]. The majority
of phosphate rock produced in the world is treated by a hydrometallurgical process,
called “wet process”. It consists of a digestion of the phosphate rocks by using
sulfuric acid. The phosphate, in the form of apatite (hydroxo, fluoro, or chlorapatite,
formula XCa5(PO4)3 with X = Cl, F, OH), is then converted into phosphoric acid
while the calciumpresent in the apatite reactswith sulfates in solution to formgypsum
CaSO4 (phosphogypsum). The phosphoric acid solution containsmany impurities [7]
including non-metallic inorganic anions such as fluoride, sulfate, or chloride. It also
contains metallic impurities such as iron or titanium which can reach levels greater
than 10 and 1 g.kg−1, respectively, or heavy metals such as arsenic or cadmium,
both present at levels of several tens of mg.L−1 [8–10]. In order to obtain an acid
with the required specifications for the desired application (fertilizer, food additives,
the pharmaceutical industry, or electronics), various purification processes can be
implemented. In general, these processes exploit liquid–liquid partitioning [11, 12],
chelation [13, 14], precipitation [15], or adsorption of metals [16–20], sometimes
with the goal to recover certain impurities such as rare earths [12, 20–23] or uranium
[24, 25].

The technique most used to date to purify phosphoric acid remains liquid–liquid
extraction. In all cases, during this stage, the leachate obtained by the wet process
is put into contact with an organic extraction solvent, but this operation can have
two different objectives: (i) selectively extracting the phosphoric acid by leaving the
impurities in the raffinate as much as possible [26] and (ii) extracting the impuri-
ties (at least the most troublesome) so as to leave a purified phosphoric acid in the
raffinate. This last option has been the subject of many developments, in particular
to recover uranium from concentrated phosphoric acid [23, 25, 27–29]. However,
most of the liquid–liquid extraction processes currently implemented at the indus-
trial scale aim to selectively extract phosphoric acid while limiting the co-extraction
of impurities. Regarding the selective extraction of phosphoric acid, different extrac-
tion systems have been proposed such as aliphatic alcohols [30, 31], Cyanex®923
(mixture of organophosphinic oxides) [32], methyl isobutyl ketone (MIBK) [7] tri-
n-butylphosphate (TBP) [33], or mixtures of MIBK and TBP [32, 34]. After several
stages of mineral processing such as concentration by gravimetric separation or by
flotation, the phosphate rocks are leached with sulfuric acid. Several pre-treatments
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to eliminate arsenic and sulphate are carried out before extracting the phosphoric
acid by liquid–liquid extraction.

For example, the Prayon process is based on the liquid–liquid extraction of phos-
phoric acid using a mixture of TBP and di-iso-propyl ether (DiPE). This solvent
makes it possible to obtain a phosphoric acid free ofmost of the initial impurities such
as magnesium, iron, or aluminum. Nevertheless, it may happen that certain elements
such as titanium are still present at high concentration in phosphoric acid after the
liquid–liquid extraction stage. Additional operations must therefore be implemented
to remove titanium. These additional operations thus increase the complexity and
therefore the overall cost of the process for producing purified phosphoric acid.
To date, the co-extraction mechanism of titanium in the organic phase during the
purification process is unknown. To better understand the phenomena responsible
for titanium(IV) co-extraction, it is necessary to know the speciation of this metal in
concentrated phosphoric acid. In this paper, we will present the state of the art of tita-
nium(IV) in non-complexing medium and the recent advances on this subject. The
knowledge of titanium(IV) speciation in non-complexing aqueous media is indeed
a prerequisite before investigating the speciation of titanium(IV) in complex media
such as concentrated phosphoric acid.

Titanium(IV) Chemistry

Titanium(IV) in solutionundergoes spontaneous hydrolysis [35] leading to the forma-
tion of the titanyl ion TiO2+ (represented in its hydrated form on the left side of Eq. 1)
[36]. However, other studies [35–38] consider the following reaction leading to the
formation of [Ti(OH)2]2+ instead of TiO2+:

(1)

Actually, these two species may exist in solution [35]. Although the majority of
authors who have studied the distribution of mononuclear titanium(IV) species have
concluded that the Ti = O bond is stabilized only in the presence of complexing
agents (such as in the presence of dimethylsulfoxide [39]), other authors like Grätzel
et al. [40] gave evidence for the presence of Ti=Obonds in free titanium(IV) species
in acidic solution. In this study, the Raman spectra of perchloric acid (ca. 2 mol.L−1)
and hydrochloric acid (ca. 2 mol.L−1) containing titanium(IV) (ca. 0.08 mol.L−1)
were recorded. A peak in the spectrum of titanium(IV)-hydrochloric acid system and
a shoulder in the spectrum of the titanium(IV)-perchloric acid system at 975 cm−1
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were observed and associated with the presence of the Ti = O bond within the tita-
nium(IV) species present in solution. The peak detected by Raman spectroscopy at
975 cm−1 could thus correspond to the vibration of a TiO bond within a polynu-
clear titanium(IV) species since this wavelength was also observed in other systems
containing polyoxometalates between 900 and 1100 cm−1 depending on the metal
[41, 42]. In these studies, the vibration frequencies were attributed to theM–O bonds
where M is a metal and O an oxygen engaged in an M–O-M bridge in polynuclear
species.

However, the following two forms of the divalent cation of titanium(IV) were
reported in solution: [Ti(OH)2]2+ or TiO2+. Likewise, for higher degrees of hydrol-
ysis, the species [Ti(OH)5]− is sometimes referred to in the literature as HTiO3

−.
Generally, for titanium as for other metals, the speciation of more or less hydrolyzed
free titanium(IV) is studied in perchloric acid. Since the perchlorate ion (ClO4

−)
is not very complexing [43], it is possible to change the pH without modifying
titanium(IV) speciation. Several studies have been conducted to determine the equi-
librium constants of the different species of titanium(IV) in non-complexingmedium
[37, 38, 44–47]. Although the publicationsmore or less agree on the fact that themost
stable titanium(IV) species in acidic aqueous medium (pH < 3) is the divalent cation
[Ti(OH)2]2+, the protonation constants of this species vary from one publication to
another and the authors disagree on the predominant species in neutral solution and
slightly alkaline solution.

Usually, the following equilibria are considered [38, 44]:

Ti4+ + H2O � [Ti(OH)]3+ + H+ KH,1 (2)

[Ti(OH)]3+ + H2O �
[
Ti(OH)2

]2+ + H+ KH,2 (3)

[
Ti(OH)2

]2+ + H2O �
[
Ti(OH)3

]+ + H+ KH,3 (4)

[
Ti(OH)3

]+ + H2O �
[
Ti(OH)4

] + H+ KH,4 (5)

[
Ti(OH)4

] + H2O �
[
Ti(OH)5

]− + H+ KH,5 (6)

However, [Ti(OH)]3+ is usually the more acidic form of titanium(IV) considered
in the literature. In some cases, the following oligomerization equilibria are also
considered [48]:

2
[
Ti(OH)2

]2+ �
[
Ti2(OH)4

]4+
Ko,1 (7)

3
[
Ti(OH)2

]2+ �
[
Ti3(OH)6

]6+
Ko,2 (8)
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The speciation of mononuclear titanium(IV) species in solution was studied
by different techniques. Liberti et al. [44] determined the equilibrium constants
by using the liquid–liquid extraction method, i.e. by contacting an aqueous phase
containing titanium(IV) and perchloric acid with an organic phase composed of 8-
hydroxyquinoline diluted in chloroform or 2-thenoyltrifluoroacetone (TTA) diluted
in benzene. The influence of pH from 0 to 4 at constant ionic strength (0.1 mol.L−1

ClO4
−) on the distribution ratio of titanium(IV) was studied. This method led to the

conclusion that Ti(OH)3+ is the main species for pH values between 0 and 1.7 while
Ti(OH)22+ is predominant between pH 1.7 and 2.2, and Ti(OH)4 exists at pH greater
than 2.2.

Othermethodswere used to study the hydrolysis of free titanium(IV) in perchloric
acid [49, 31]. For example, Sugimoto et al. [49] recorded the UV–Vis spectra of
solutions prepared by dissolving a precipitate of titanium(IV) hydroxide in perchloric
acid (so as to reach a total titanium(IV) concentration of 1.25 10–4 mol.L−1). The
pH of the solution was adjusted between 0.8 and 9.31 using sodium hydroxide and
perchloric acid (ionic strength of 0.1mol.L−1). These authors were thus able to notice
the appearance of an increasingly intense peak around 250 nmwhen the pH increases
from 0.8 to 3.3. They considered that among the species likely to exist in solution,
i.e. titanium hydroxides Ti(OH)n(4−n)+ with n = 2, 3 or 4, only Ti(OH)22+ may exist
as long as the pH is below 1.2. Finally, they were able to plot the speciation diagram
of the species considered in Eqs. 4 and 5.

Shkol’nikov et al. [31] showed the solubilities of titanium(IV) oxides are equal to
2.1 10–2 mol.L−1 for TiO2 (particle size of approximately 8–19 nm) and 1.4 mol.L−1

for hydrated amorphous TiO2 (particle size approximately 1.6 nm) in 1.0 mol.L−1

perchloric acid. This shows that the use of this method is only reliable if the solid
phases are well defined since the solubility measurement strongly depends on the
crystallinity, the morphology, and the size of the particles. This has been shown in
particular by Schmidt et al. [38]who calculated equilibriumparameters bymeasuring
solubility of titanium(IV) dioxide with different crystallinities. Despite different
results, they calculated the average of the constants of equilibriums reported in
Eqs. (4) and (5). Figure 1 shows the titanium(IV) speciation diagram in an aqueous
medium for pHvalues between 0 and 14 at a total titanium concentration of 1mol.L−1

calculated using the set of constants determined by Schmidt et al. [38].
The calculated values are close to those mentioned by Liberti et al. [44]. It is

interesting to underline that these authors considered that the chloride ions do not
complex titanium(IV).UnlikeLiberti et al. [44], the speciation diagramdeduced from
the data of Schmidt et al. [38] does not include a region where the monohydroxylated
Ti(OH)3+ can be found. Solubility measurements of rutile at different temperatures
reported by Ziemniak et al. [30] made it possible to determine the Gibbs energy of
formation of the species involved in the equilibria (2) to (6). By combining these
Gibbs energies of formation with the data reported by Vasil’ev et al. [45] and by
Baes et al. [46], it is then possible to plot the speciation diagram displayed in Fig. 2.
This speciation diagram is similar to that determined by Schmidt et al. [38] (Fig. 1).
In their study, Ziemniak et al. were able to calculate the Gibbs energy of formation
for different values of pH ranging from 9.3 to 11.2 in the presence of phosphate and
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Fig. 1 Speciation diagram
of mononuclear titanium(IV)
species at 25 °C as a function
of pH determined by using
equilibrium constants 3–6
(corrected for activity effects
by a Davies model and
calculated by Schmidt et al.
at zero ionic strength [38]).
Diagram plotted for a total
titanium(IV) concentration
[Ti]tot = 1 mmol.L−1

sodium hydroxide as well as ammonium hydroxide. They considered the acid–base
equilibria (2) to (6) but also the equilibria involved in the formation of titanium(IV)
hydroxophosphate complexes. Then, theGibbs energies of formationwere calculated
by using a chemical equilibrium model and solubility data at different temperatures
anddifferent pHvalues. Toplot this speciationdiagram, only themononuclear species
were taken into account as the latter were ignored.

Similar work was published by Knauss et al. [50]. The solubility of rutile in
nitric/nitratemediumat pH= 1–13wasmeasured at high temperatures (100–300 °C).
The authors were able to carry out regressions of their data in order to determine
the equilibrium constants (5) and (6). The extrapolated Helgeson model [51] was
used to take into account the water activities and the presence of ions in solution.
Nevertheless, the calculations only work providing that Ti(OH)22+ was removed
from the model. Calculations with the model including reactions (5) and (6) led to

Fig. 2 Speciation diagram
of mononuclear titanium(IV)
species for a total titanium
concentration of [Ti]tot =
1 mmol.L−1 as a function of
the pH (the speciation
diagram was determined by
using the Gibbs energies of
formation reported by
Ziemniak et al. [30])
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the conclusion that log(KH,4) and log(KH,5) (in molarity scale) vary from 2.28± 0.15
to −3.31 ± 1.1 and from −10.11 ± 0.16 to −7.43 ± 1.11, respectively, when the
temperature goes from 100 to 300 °C. These values should be compared with those
mentioned by Pichavant et al. [37] and gathered in Table 1. This work by Knauss
et al. [50] also led to the conclusion of the possible presence of Na-titanate species
at high pH values.

More recently, Chagnes et al. [56] reinvestigated the speciation of titanium(IV)
in non-complexing acidic solutions by combining UV–visible spectroscopy and
molecular modeling techniques. It was necessary to add other titanium(IV) species
than mononuclear species such as titanyl ion or titanium dihydroxide to simulate
UV–visible spectra by DFT calculations.

Conversely, accounting for the presence of polytitanate clusters such as the dimer
or the trimer reported in Fig. 3 allows for a satisfactory agreement between the
experimental UV–Vis spectra and the UV–Vis spectra calculated by DFT.

However, in spite of such a good fitting, the determination of the exact nature
of the observed polytitanates (i.e. size and hydrolysis state) was not possible due
to the multiplicity and similarity of corresponding structures. UV–visible spec-
troscopy coupled with chemometric analyses and 31P NMR spectroscopy were also
successfully used to qualitatively investigate the speciation of titanium(IV) in a
large range of phosphoric acid concentrations (i.e. 0.1 to 11.6 mol L−1). Thus,
it is concluded that titanium(IV) is present as mononuclear (µ = 1) or polynu-
clear (μ > 1) free cation(s),

[
(TiO)μ

]2μ
, in diluted H3PO4 solutions (typically <

0.1 mol L−1) and then progressively forms orthophosphate complexes as the concen-
tration of phosphoric acid is increased, namely

[
(TiO)μ(H3−mPO4)γ

]2μ−γm
and

[
(TiO)μ(H3−mPO4)γ (H3−nPO4)β

]2μ−γm−βn
in moderate (typically > 1mol L−1) and

concentrated (typically > 6 mol L−1) H3PO4 solutions, respectively.

Conclusion

Thus, the divalent ion (dihydroxylated or titanyl) is considered in most cases as the
predominant species at very acidic pH. For pH values close to the neutrality, the
hydroxide species Ti(OH)3+ and Ti(OH)4 coexist but can be in equilibrium with
polynuclear forms (octamers, dimers, or tetramers). A more recent study has called
into question the speciation of titanium(IV) in non-complexing medium reported in
the literature by suggesting the formation of small clusters of dimeric or trimeric
polytitanate in addition to the formation of mononuclear species such as the titanyl
ion or the titanium(IV) dihydroxide.
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Fig. 3 Schematic structures suggested for the free form of titanium [TiO)µ]2µ considering various
sizes, i.e. monomeric (a,µ= 1), dimeric (b,µ= 2), and trimeric (c,µ= 3). Eventual intramolecular
proton exchanges are represented by dashed double arrows
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Di-Phenols Functionalized Chitosan
as Selective Adsorbents for Extraction
of Germanium

Madhav Patel and Athanasios K. Karamalidis

Abstract In the current study, catechol functionalized chitosan, C-Cat, was investi-
gated for selective solid-phase extractionof germanium.Germanium is oneof the crit-
ical elements because of its growing demand, supply risk, and inefficient production.
The current Ge production processes, such as chlorination-distillation and solvent
extraction, suffer fromhigh energy requirements, high chemical consumptions, impu-
rities co-extractions, and waste stream generations. The adsorbent was synthesized
via Schiff’s base reaction. The adsorbent morphologywas different from the chitosan
due to surfacemodification. C-Cat adsorbedGe selectively in the presence of compet-
itive ions with Kd values of 10,832.0 mL/g at pH 3 and 7417.6 mL/g at pH 4. The
selectivity for Ge was also observed in Ge-spiked coal fly ash leachate. The distri-
bution coefficients were correlated with metal hydrolysis constants, and linear free-
energy relationships were developed for C-Cat. These LFERs can be used to predict
the selectivity of C-Cat using the metal hydrolysis constants.

Keywords Solid-phase extraction · Critical element · Germanium · Chitosan ·
Catechol · Linear free-energy relationship

Introduction

Germanium (Ge) is one of the critical elements due to its applications in infrared
systems, optical fibers, semiconductors, solar panels, and polymer catalysis. It lacks
substitutes in these applications and has potential supply risk. The demand for germa-
nium has been growing steadily and is expected to grow more due to the growth of
5G network and the potential terrestrial use of multi-junctional solar cells [1, 2].
Germaniumminerals rarely form in economically sustainable quantities; but only 3–
5% of Ge is recovered primarily from secondary sources, such as Zn refinery residue
and coal fly ash, worldwide [2, 3], mostly due to a lack of efficient and profitable
processes that can recover the element from dilute sources.
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Solid-phase extractionwith ligand functionalized solid support can solve the issue
of efficient and economic separationwith its advantages such as efficient extraction in
dilute solutions, lower energy input, high reusability of the adsorbent, high selectivity
and capacity, and elimination of environmentally harmful chemicals [4–6]. Chitosan
has been functionalized with different ligands for the adsorption of critical elements
such as rare-earth elements [7–11], Ge [12], Pd, and Pt [13].

Germanium occurs in oxidation states of+2 and+4, with the+4 state beingmore
stable and the most common in natural systems. In an aqueous solution, Ge(IV) is
the dominant species within the water stability region of the Eh–pH diagram [14].
The solubility constants for GeO2 (major Ge(IV) solid) are available in literature
[2, 14–16]. The different aqueous species of Ge(IV) at different pH are shown in
Fig. 1a. Ge(OH)4 is the dominant species at pH < 9.32 [2, 14–16]. For germanium
separation, complexing ligand catechol has been used in solvent extraction [17–21],
complexation followed by ion exchange [17, 22–26], aswell as solid-phase extraction
[27]. Ge(IV) has a high affinity for catechol and can complex with catechol in an
aqueous solution as per the following reaction [2]:

Ge(OH)4 + 3H2L = [L3Ge]
2− + 2H+ + 4H2O logK (25◦C) = −1.39 (1)

In this study, we investigated catechol functionalized chitosan for selective sepa-
ration of Ge in synthetic multi-ion solutions and spiked coal fly ash leachate solu-
tions. Synthesis of catechol functionalized chitosan and its performance can be
found in Patel and Karamalidis 2022 (in review). The competitive-ion adsorption
is studied using a linear correlation between free-energies of metal hydrolysis and
the adsorption distribution coefficient.

Fig. 1 aDifferentGe-species as a function of pH Source [2];bThe fraction ofGe-catechol complex
as a function of pH based on reaction 1
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Experimental Studies

Materials

Chitosan (High molecular weight 310,000–375,000 Da, Sigma Aldrich), two
polystyrene-divinylbenzene based spherical beads with amine-functional groups
(Purolite), and an amino-methacrylate bead (LifeTech) were used as solid supports.
3,4-dihydroxybenzaladehyde (> 98%, TCI), glacial acetic acid (> 99.7%ACS grade,
Thermo Scientific), NaBH4 (99%, Sigma Aldrich), ethanol (> 99.5% ACS grade,
Supelco), and anhydrous methanol (HPLC grade, Fisher Scientific) were used for
the functionalization.

Ge oxide (GeO2 99.9999%metal basis, Alfa Aesar), HCl (tracemetal grade, BDH
Aristar Plus), H2SO4 (trace metal grade, BDH Aristar Plus), and NaOH pellets (99–
100% ACS grade, Millipore Sigma) were used to prepare Ge stock solution with
different pH. Single-element ICP stock solutions (Inorganic Venture) were used to
prepare mixed elements solutions for competitive-ion adsorption.

Functionalization of Solid Supports

The beads were functionalized via Schiff’s base reaction following the procedure in
the literature [28, 29]. Briefly, 0.5 g (dry weight) of bead was taken in 100 ml ethanol
solution, and 1.5 g 3,4-dihydroxybenzaladehyde was added to the mix. The mix was
refluxed for 24 h. After 24 h, the beads were filtered and washed with ethanol and
dried overnight in an oven at 60 °C for 24 h.

The catechol can oxidize to quinone in an alkaline medium and can self-
polymerize [30–33], which could result in the loss of capacity. Hence, a different
protocol was used for the functionalization of chitosan. The chitosan functionaliza-
tion process is reported in Patel and Karamalidis (2022, in review). Briefly, chitosan
and 3,4-dihydroxybenzaladehyde were refluxed for 24 h in acetic acid–methanol
media. The solids (C=Cat) were then washed and dried, followed by reduction of
C=N using NaBH4 to produce the catechol functionalized adsorbent (C-Cat). The
functionalized chitosan at different stages of the reaction is shown in Fig. 2.

Characterization and Adsorption Studies

The characterization processes and adsorption experiments are reported in detail in
Patel and Karamalidis (2022, in review). In the current study, adsorption studies at
different pH were conducted for C=Cat. The adsorbent dose was 10 mg/10 ml with
end-to-end mixing at 30 rpm for 24 h. No background electrolyte was added to fix
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Fig. 2 Picture of chitosan, C
= Cat, and C-Cat

ionic strength. Competitive-ion adsorptions were done in the presence of competi-
tive ions commonly present along with Ge in Zn refinery residue and coal fly ash.
Additionally, Ge-spiked coal fly ash leachate was used. Coal fly ash was leached
using 1 M HCl at a dose of 1 g/50 ml. The leachate from fly ash did not contain Ge;
thus, the leachate was spiked with 20 mg/L Ge.

The adsorption parameters such as the equilibrium adsorption capacity (qe)
(Eq. 2), the % adsorption (Eq. 3), solid–liquid distribution (partitioning) coefficient
(Kd) (Eq. 4), and selectivity factor (Eq. 5) were calculated as:

qe

(
mg

g

)
= (C0 − Ce) ∗ V

m
(2)

Adsorption (%) = (C0 − Ce)

C0
∗ 100 (3)

Kd(L/g) = C0 − Ce

Ce

V

m
= qe

Ce
(4)

SF
(
Ge/Mn+) = KdGe

Kdn+
M

(5)

where Co and Ce are initial and equilibrium concentrations of the adsorbate in the
solution in batch adsorption (mg/L), m is the mass of the adsorbent used (g), and V
is the total volume of the solution (L).

Results and Discussions

The functionalized beads showed low adsorption capacity (2.5–5 mg Ge/g adsor-
bent); in contrast, the functionalized chitosan showed almost tenfold higher capacity
(maximum of 48.5 mg Ge/g C = Cat) (Table 1). The capacity of C = Cat is higher
than C-Cat due to incomplete reduction of C = N and loss of catechol during reduc-
tion steps. Still, C-Cat shows higher capacity than the functionalized beads. The
unfunctionalized chitosan did not adsorb Ge in preliminary experiments.
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Table 1 The adsorption
capacities of different
adsorbents synthesized

Adsorbent Ge adsorption Capacity

(mg/g) (µmol/g)

P1=Cat 2.5 34.8

P2=Cat 3.7 51.5

M=Cat 5.1 70.4

C=Cat 48.5 673.5

C-Cat 22.6 313.3

P1 and P2 are aminated-polystyrene beads, M is aminated-
methacrylate bead, and C is chitosan

The BET surface area of C-Cat (391.1 m2/kg) was lower than chitosan (457.5
m2/kg), with smaller average porewidth (Patel andKaramalidis 2022, in review). The
chitosan had pores with plate slit structure, crack, and wedge structure, while C-Cat
had complex pores (Patel and Karamalidis 2022, in review), also visible in the SEM
analysis (Fig. 3). The EDS elemental mapping of C-Cat after Ge adsorption shows
that the C, O, N, and Ge are uniformly distributed (Fig. 4); hence, the adsorption
sites are uniformly distributed on the adsorbent and not concentrated in a particular
region. The EDS spectrum revealed peaks of C, O, and N present in chitosan and the
peak for the adsorbed Ge.

The adsorption increased with an increase in pH for C=Cat, while for C-Cat, it
reached the maximum at pH 3 and then decreased slightly at higher pH (Fig. 5). The
adsorption vs. pH curve follows a similar trend as the Ge-catechol complexation in
the solution shown in Fig. 1b. The adsorption at pH 1 and 2 are almost the same for
both C=Cat and C-Cat despite having different ligand densities.

Adsorbent C-Cat adsorbed Ge almost entirely (> 99.5%) in the presence of
competitive ions Cu(II), Zn(II), Cd(II), and Pb(II) present at different levels of
concentrations (Fig. 6). However, the C-Cat also adsorbed other elements after
complete adsorption of Ge since empty sites were available in the adsorbent.

Fig. 3 SEM image (50,000 × magnification) of a chitosan and b C-Cat
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Fig. 4 EDS elemental mapping of C-Cat after the adsorption of germanium

Fig. 5 Adsorption of Ge
onto C=Cat and C-Cat at
different pH with 40 mg/L
and 75 mg/L Ge, respectively
(pH adjusted with HCl and
NaOH). The data for C-Cat
has been reported in Patel
and Karamalidis (2022, in
review)

Fig. 6 Ge adsorption onto
C-Cat with different
concentration of competitive
ions (1 mg/L:1 mg/L,
1 mg/L:10 mg/L, 1 mg/L:
100 mg/L, and 0.1 mg/L:
100 mg/L) at pH 3
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The competitive-ion adsorption was studied in terms of solid–liquid distribution
coefficients (Kd) and is shown in Fig. 7. The distribution coefficient (Kd) is the ratio
of the amount adsorbed to the amount remaining in the solution and depends on
aqueous chemical conditions (e.g., pH, adsorbate concentration, solution/electrolyte
matrix, temperature) [34]. C-Cat showed higher Kd for Ge at both pH 3 (Kd =
10,832.0 mL/g) and pH 4 (Kd = 7417.6 mL/g) compared to other elements. The
Kd for competitive ions increased with pH. The equilibrium pH after adsorption in
the case of the pH 4 experiment was 6.25. The change in pH may have resulted in
the removal of some elements via precipitation. The equilibrium pH in the pH 3
experiment was 4.51. The selectivity factor for Ge over other ions ranged from 8.7
against Fe to 816.7 against Cd at pH 3 and 1.5 against Fe to 25.1 against Cd at pH 4
(Table 2).

The logarithms of equilibrium constants of one series of reactions can be linearly
correlated with logarithms of equilibrium constants of related series of reactions and
are known as linear free-energy relationships (LFERs) [35]. In the case of negatively
charged O-donor atom ligands such as catechol, the ligand–metal stability constants
(logKaq) in the solution are linearly correlatedwith themetal hydrolysis constants [2,
36–39]. In the current study, the distribution coefficients were assumed to represent
the adsorption equilibrium in multi-ion adsorption; hence, they were considered for
LFER.Therefore, a linear correlationbetween logKd for the functionalized adsorbent

Fig. 7 a The distribution coefficients of various elements in competitive-ion adsorption with C-Cat
at pH 3 and pH 4, 20 mg/L concentration of each ion b Linear correlations between the log Kd for
the C-Cat and the first hydrolysis constant of the metal cations

Table 2 The Ge selectivity
factors (SF; Eq. 5) for C-Cat
at different pH

Element Selectivity factor (SF)

pH 3 pH 4

Fe(III) 8.7 1.5

Cu(II) 29.7 2.0

Zn(II) 201.1 18.4

As(V) 18.3 3.3

Cd(II) 816.7 25.1

Pb(II) 15.4 3.0
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and the first hydrolysis constant of the metal cations is investigated (Fig. 7b). Ge and
As were not considered since they lack experimental hydrolysis constants. The first
hydrolysis constant is for the following form of reaction:

Mn+ + OH− = M(OH)(n−1)+ log K (MOH) (6)

The linear fit for C-Cat-pH 3 was better than C-Cat-pH 4 based on R2. The
competitive-ion adsorption at pH 4 had an equilibrium pH of 6.25, that could have
resulted in precipitation of ions; hence, the removal mechanism in pH 4 experiment
could be a combination of complexation with surface catechol and precipitation/co-
precipitation due to changes in solution condition during adsorption. Therefore, the
LFER for pH 4 experiment has lower R2 than pH 3 experiment as the LFER can only
account for the surface complexation. The distribution coefficient is dependent on
the solution composition and pH; thus, the LFER of log Kd is a function of aqueous
chemical conditions. Even so, the LFER can be used to predict selectivity for ions
not included in the multi-ion adsorption experiment.

The fly ash was leached with 1 MHCl. Elements present in leachate with concen-
trations higher than 5 mg/L are shown in Table 3. The pH of the Ge-spiked leached
solution was adjusted to pH 3. The equilibrium pH after adsorption with C-Cat was
3.47. The adsorbent C-Cat was selective for Ge against other elements except for Fe,
Si, and Te. C-Cat has shown selectivity for Ge over Fe in synthetic solution (Fig. 7a).
The aqueous Si(OH)4-Catechol complex has lower stability constant (log K = −
12.0) than Ge(OH)4-catechol complex (log K = −1.39, same form of reaction as for
Ge(OH)4) [40]. Ti has a higher affinity for hydroxide than Fe (log KTiOH = 14.01
versus log KFeOH = 11.6) [41] but a lower affinity compared to Ge and Si, whose

Table 3 The aqueous ion
composition of fly ash
leachate, distribution
coefficient (Kd ), and Ge
selectivity factor (SF; Eq. 5)

Element Concentration (mg/L) Kd (mL/g) SF (Ge/other)

Na 44,742.4 60.9 16.1

Ca 2981.5 57.4 17.1

Al 316.0 85.5 11.5

Mg 158.5 61.6 15.9

W 126.2 0.0 n. ads

Fe 120.7 2099.5 0.5

Si 114.1 2529.4 0.4

K 61.7 83.6 11.7

Ge 21.7 980.8 1.0

Ti 8.7 6261.6 0.2

Zn 6.1 100.1 9.8

B 5.1 0.0 n. ads

Sr 5.0 21.5 45.5

n.ads.: No adsorption of the ion
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hydrolysis constants are unknown due to the formation of Ge and Si hydroxide in
even highly acidic medium. Hence, the non-selectivity of C-Cat for Ge against Fe, Si,
and Te may have been a result of precipitation/co-precipitation of these ions due to a
change in pH during adsorption. The precipitation of Fe, Si, and Ti during adsorption
can be avoided by using a pre-adsorption step involving an increase of solution pH
to pH 4–6 to remove Fe, Si, and Ti. The solution pH can then be reduced to pH 3,
and C-Cat can be used to selectively adsorb Ge. Alternatively, the pH of the leachate
can be adjusted to pH 2. At pH 2, C-Cat has shown higher selectivity for Ge than pH
3 in synthetic solution (Patel and Karamalidis 2022, in review). With initial pH of 2,
the precipitation of Fe, Si, and Ti during adsorption can be avoided, and Ge can be
extracted selectively.

Conclusions

The catechol-functionalized chitosan adsorbent, C-Cat, was investigated for selective
separation of germanium. The capacity of C-Cat was 22.6 mg/g at pH 3, whereas the
non-reduced adsorbent C=Cat showed a capacity of 48.5 mg/g. Incomplete reduction
of imine bridge of C=Cat and loss of surface functional groups during reduction led
to lower capacity of C-Cat compared to C=Cat. C-Cat adsorbent showed > 99.5%
adsorption of Ge in the presence of competitive ions at different levels of concentra-
tion andwas selective for Ge at both pH 3 and pH 4with selectivity factor in the range
of 1.5 against Fe at pH 4 to 816.7 against Cd at pH 3. The distribution coefficients
(log Kd) of different elements were correlated with the first hydrolysis constant of
the element. The correlation can be used to predict the selectivity of the adsorbent.
In the case of Ge-spiked fly ash leachate, the Ge adsorption was not selective against
Fe, Si, and Ti, due to the precipitation/co-precipitations of these ions. In the presence
of these ions in the solution, the catechol-functionalized chitosan adsorbent C-Cat
can be used for selective separation of Ge after a pre-adsorption precipitation step
for removing Fe, Ti, and Si.
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Recycling of Copper and Gold
from Waste Printed Circuit Boards
by Leaching Followed by Solvent
Extraction

Kamalesh Kumar Singh and Mudila Dhanunjaya Rao

Abstract This article presents a two-stage, eco-friendly hydrometallurgical route
for the recovery of gold from the delaminated metallic layers of waste mobile phone
Printed Circuit Boards (PCBs). The downsized PCBs were treated with an organic
solvent dimethylacetamide (DMA) for the separation of metallic fraction from non-
metallic glass fibre. The liberatedmetallic sheets are used for the selective dissolution
of copper in an aqueous leaching reagent. Influence of various parameters such as
type of leaching reagent, the concentration of the solution, temperature, time, and
pulp density is optimized for the effective leaching (almost 100%) of copper. Results
show that 3 M nitric acid is a suitable reagent for copper leaching but gold remained
in solid residue. In the second stage, the separated residue is used for the recovery
of gold by sulphuric acid with a combination of halide salt. Results have shown that
almost 92% of gold is recovered at the optimized parameters. Solvent extraction with
0.1M tertiary amide reveled the selective and quantitative recovery of gold from gold
leach solution.

Keywords Recycling · Secondary recovery · Hydrometallurgy · Extraction

Introduction

The rapid change in technology and the electronic gadgets are becoming obsolete
at faster rate [1]. In turn, the quantity of electronic waste is growing at faster rate.
In year 2019, the global e-waste generation crossed 53.6 million tonnes [2]. The
lower recycling rate in developing countries makes the situation alarming [3–7].
The 100% recycling is still a distant dream to be achieved. The lower recycling
rate is not only burdening the environmental load through toxic elements but also
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losing many valuable and scarce metals [8]. The printed circuit boards are most
valuable component of any electronic gadget because it hosts as many as 60 elements
including precious metals like gold, silver, platinum, and palladium and valuable
metals like copper, tin, nickel, aluminium, and iron [9, 10]. The metallic content
may be as high as 40% of the total weight of PCBs [10]. In the present paper, two-
stage leaching and subsequent solvent extraction have opted for recovery of most
valuable gold and abundantly present copper fromWPCBs. Nitric acid dissolves the
base metals present, and it becomes easier to extract those metals successfully by
application of highly selective metal extractant [11]. In addition, for the dissolution
of gold, halide leaching reagents at acidic conditions are more significant than the
traditional processes [12–16]. Here, for copper extraction from leached solution
hydroxyl oximes [17] are used whereas amides are used to recover gold [18].

Methodology

The printed circuit boards of mobile phones were collected from local vendors. The
attached components andwireswere removed from the circuit boards at a temperature
below 200 °C by application of heat gun. The bare PCBs were cut into smaller pieces
of the size 1 cm× 1 cmapproximatelywith the help of shear cutter. These pieceswere
soaked into the solution of organic solvent N, N-dimethylacetamide (DMA) for 10 h
to dissolve the resin of printed circuit boards to liberate the metallic components and
the fibreglass present. The baremetallic fractions are subjected to hydrometallurgical
extraction processes comprising acid leaching, solvent extraction, and stripping to
recover gold and copper as shown in Fig. 1.

Results and Discussion

Chemical Analysis and Two-Stage Leaching

The metallic and non-metallic components were estimated through complete disso-
lution of the delaminated metallic components in aqua regia. One gram of sample
was dissolved in 20ml of aqua regia for 3 h at 50 °C at 500 rpm in a glass reactor fitted
with stirring and heating facility. The solution was analysed through AAS/ICP-OES,
and the obtained results are shown in Table 1.

It is clear that the major portion (84%) of the metallic values are copper followed
by small quantities of nickel, zinc, tin, cadmium, aluminium, and lead and trace
quantities of gold, silver, and palladium. The non-metallic plastics and glass fiber
are separated manually from the metallic sheets.

Further, in next step, i.e. in stage-1 leaching, the metallic sheets of waste printed
circuit boards are leached with 3 M nitric acid. However, some non-metallic fraction
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Fig. 1 Flow sheet of proposed process to recover copper and gold from WPCBs

Table 1 Chemical analysis
of the sheared WPCB sample

Element Wt%

Cu 84

Au 0.05

Ag 0.03

Sn 0.4

Pd 0.007

Ni 2.3

Zn 0.4

Pb 0.1

Cd 0.3

Al 0.2

Plastic and glass fiber 12.2

(12 wt%) is also still availed with the metallic fraction. The leaching conditions are
optimised and carried out at the temperature 30 °C for 2 hwith the pulp density 50 g/L.
The stirring speed wasmaintained at 500 rpm. AAS/ICP-OES analysis data are given
below in Table 2, which shows that precious metals gold, silver, and palladium have
not entered the solution whereas other metals except copper also leached in very
small quantity. This stage of leaching is able to extract more than 97% of copper.
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Table 2 Chemical analysis
of the first stage leached
solution

Element Wt%

Cu 97.3

Au 0

Ag 0

Sn 0.4

Pd 0

Ni 0.8

Zn 0.6

Pb 0.5

Cd 0.4

Al 0

Table 3 Chemical analysis
of the second stage leached
solution

Element Wt%

Cu 0.2

Au 7

Ag 3

Sn 89

Table 4 Extraction of copper
and gold after leaching from
5 g initial WPCB sample

Metal Extracted wt Extraction (%)

Copper 4.99 g 99.96%

Gold 0.0025 g 95.28%

Precious metals such as gold and silver have been observed in the residue of stage-1
leaching along with a non-metal fraction.

The residue with non-metallic fraction obtained after the first stage of leaching is
subjected to second stage of leaching with sodium bromide in presence of sulphuric
acid. The optimised conditions are maintained at 3M sulphuric acid with 3M sodium
bromide at the temperature of 70 °C for 1 h and at the same stirring speed of 500 rpm.
AAS/ICP-OES analysis of stage-2 leached samples is given in Table 3. The collected
residue after stage-2 leaching consists of non-metallic fraction in a minor quantity.

After completion of two-stage leaching from 5 g initial PCB sample, stage-1 and
stage-2 leachates comprise 4.99 g copper and 0.0025 g gold individually as shown in
Table 4. Further purification process is required for stage-2 leach solution to separate
gold from silver and tin. For that, solvent extraction process is used with an amide
as an extractant.
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Solvent Extraction of Gold

The recovery of Au(III) was observed using solvent extraction with an organic amide
diluted in toluene as an extractant by leaving other elements in the raffinate. The
protonation of an amide plays a crucial role in the selective extraction of Au(III) into
the organic phase. Combination of the protonated and neutral amide with [AuBr4]−
through hydrogen bonding and electrostatic interactions creates a neutral assembly
and transport into the organic phase. The process of Au(III) extraction with primary
amide as an extractant diluted in toluene is shown in Fig. 2.

From the analysis of the organic phase, it is evident that the amount of gold
extracted into the organic phase increased from L1 (80%) toL2 (98%) and L3 (99%).
In addition to gold, a proportion of tin (16–20%) is also extracted by all amides as
shown in Table 5. However, no silver and copper are seen. Therefore, tertiary amide
has been chosen for the maximum extraction of gold.

Fig. 2 Summary of the process involved in the extraction of Au(III) from an aqueous leach solution
into an organic phase containing primary amide

Table 5 Transport of gold
from the stage-2 leach liquor
into a toluene solution of
0.1 M primary (L1),
secondary (L2), or tertiary
amide (L3) [Conditions: o/a
1:1; 1 h; 20 °C]

Amide Au (% recovery) Sn (% recovery)

L1 80 20

L2 98 18

L3 99 16
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Fig. 3 Summary of the process involved in the back extraction of Au(III) from primary amide
complex into an aqueous (water or sodium hydroxide) solution

Stripping

Back extraction of [AuBr4] − from the amide neutral complex into an aqueous phase
is also essential for the generation of pure gold solution and the re-generation of free
extractant for another extraction cycle. The process of back extraction or stripping
with either water or sodium hydroxide is also shown in Fig. 3

From ICP-OES analysis, it is observed that no gold is stripped into water from
extraction solutions of L1 andL2, and 10% of gold is strippedwith water frommetal-
loaded toluene solutions of L3. Using 0.1 MNaOH solution as the stripping reagent,
gold stripping increased from L1 (40%), L2 (78%) to L3 (82.6%). In contrast, when
1MNaOH is used as the stripping reagent, almost all gold recovery is achieved from
all amide extractions as shown in Table 6. Therefore, 1 M sodium hydroxide was
chosen for the back extraction of gold from either secondary or tertiary amides.

In addition to gold stripping, tin is also stripped from the organic solutions to some
extent and gradually decreases from L1 to L3 with water and sodium hydroxide as

Table 6 Effect of reagent on stripping of gold from the organic phase, using 0.1 M L1−3 in toluene
as the extracting agent [Conditions: o/a 1:1; 1 h; 20 °C]

Amide % recovery of gold with
water stripping

% recovery of gold with
0.1 m NaOH stripping

% recovery of gold with
1 m NaOH stripping

L1 0 40 95

L2 1 70 98

L3 10 80 99
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Table 7 Effect of reagent on stripping of tin from the organic phase, using 0.1 M L1−3 in toluene
as the extracting agent [Conditions: o/a 1:1; 1 h; 20 °C]

Amide % recovery of tin with
water stripping

% recovery of tin with
0.1 m NaOH stripping

% recovery of tin with 1 m
NaOH stripping

L1 10 40 60

L2 8 35 22

L3 5 17 9

shown in Table 7. It shows that traces of tin (9%) were only found with 1 M sodium
hydroxide as a stripping reagent from tertiary amide. The repetition of extraction
cycles can reduce tin contamination. After completion of solvent extraction from
5 g initial PCB sample, strip solution comprises 0.0024 g gold. The strip solution
consists of 480 ppm of gold.

Conclusions

The two-stage metal leaching process selectively dissolves copper from delaminated
WPCBs in stage-1 leaching to leave a gold-rich solid residue for the subsequent
extraction of gold in stage-2 leaching. Selective leaching of copper was achieved
when using 3 M nitric acid at 30 °C, over a 2 h resident time, for 50 g/L pulp
density, and 500 rpm agitation speed. Importantly, no gold was dissolved using these
conditions. In the stage-2 leaching, selective extraction of gold is observed with
bromide leaching with 3 M sulfuric acid with 3 M sodium bromide at 70 °C, over a
1 h time and 500 rpm agitation speed. The use of 0.1M tertiary (L3) amide is efficient
for the transportation of Au(III) into toluene solution. In addition, fraction of tin was
also co-extracted. The extracted Au(III) was stripped from the toluene solution, with
99% recovered, with 1 M NaOH as stripping reagent.
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Hydrometallurgical Extraction
of Molybdenum and Rhenium
from Molybdenite Flue Dust

Sadia Ilyas, Rajiv Ranjan Srivastava, Hyunjung Kim,
Humma Akram Cheema, and Ijaz Ahmad Bhatti

Abstract Herein, the leaching of molybdenum and rhenium from the molybdenite
roasting flue dust in H2SO4 was studied. The parametric studies showed that leaching
performed at a pulp density, 10 wt./vol.%; H2SO4 concentration, 1.0M; temperature,
90 °C; and time, 90 min was sufficient to yield 96%molybdenum and 93% rhenium.
The leaching process significantly improved by raising the temperature from 30 °C
to 90 °C, indicating an exothermic dissolution of refractory metals. Whereas the
leaching kinetics indicated that the reaction mechanism changed from diffusion-
controlled to chemically controlled, which was further confirmed by the apparent
activation energy evaluated to be Ea(Mo), 35.5 kJ/mol, and Ea(Re), 21.5 kJ/mol.

Keywords Hydrometallurgy · Molybdenites flue dust · Refractory metals

Introduction

Molybdenum and rhenium are the refractory metals critically applied in metal (as
superalloys) and chemical (as active catalytic elements) industries [1–3]. Bothmetals
primarily co-occur in their sulphidic forms like molybdenites, rheniite, and copper
porphyry ores [4]. Due to their increasing demands in the respective application
industries, their efficient metallurgy is very important [5, 6].

In the conventional processing, molybdenites are usually roasted at 600 °C to
convert the sulfide ores to their easy-to-leach oxidized form [3–5]. It results in a
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significant loss ofmolybdenum in flue dust alongwith themajor portion of volatilized
rhenium oxide in the outgoing dust of the roasting furnace [5–7]. It has been deter-
mined that such flue dust usually contains 50% of molybdenum with a significant
amount of rhenium therein [7]. A second time blending the dust in the roasting
process with a fresh charge creates a problem due to the fine particle size (< 37 µm)
[8]. Therefore, the effective extraction of molybdenum from the flue dust is equally
important to the metallurgy of both refractory metals. Except for a few studies,
molybdenum extraction has been given less importance than rhenium through the
processing of flue dust, and molybdenum is accounted as an impurity for rhenium
extraction. However, a limited literature review is available on the leaching of both
metals fromMo-bearing sources [9, 10] that provides no clues on the effect of impor-
tant leaching parameters. It has been reported that ~ 40% rhenium was leached in
deionized water at 80 °C [11], whereas 80% leaching efficiency was achieved in
1.0 mol/L H2SO4 solution [1].

The present study, therefore, evaluated the role of agitation speed, acid (H2SO4)
concentration, temperature, and time on simultaneous leaching of both molybdenum
and rhenium along with the metal impurities from the molybdenite roasting flue
dust that was received from Shanxi (China). Moreover, the leaching kinetics and
mechanism of molybdenum and rhenium leaching have been emphasized in this
study.

Experimental

A5 kg of flue dust sample was supplied by amolybdenite roasting process carried out
in theShanxiCity ofChina. Thehomogenized samplewas digested in aqua regia (HCl
+ HNO3) solution and analyzed by an Inductively Coupled Plasma Spectrometer
(ICP, Burker model Varian 820-MS, California, USA). The metal composition was
found to be 12.6% Mo, 0.26% Re, 0.46% Cu, 0.54% Pb, 0.05% Ca, 0.006% K,
and 0.68% Na in the sample. For the leaching studies, a known quantity of flue
dust was placed in a glass beaker of 500 mL capacity that contains a predetermined
concentration of sulfuric acid to prepare the slurry of a fixed pulp density. When
required, the acid solution was pre-heated on the magnetic hot plate cum stirrer
(Robus-RTH-340,UK) at a particular temperature and the samplewas always charged
under the stirring condition. After leaching time, the slurry was filtered using the
Whatman-40 filter paper and Buckner funnel. The filtrate was collected after a proper
washing with 20 mL of hot water twice and analyzed using ICP for knowing the
leaching efficiency as follows:

%Leaching =
(
MLL

MIS

)
× 100 (1)

whereMIS andMLL are metals’ input from sample and output in leach liquor (on an
absolute basis in gram), respectively.
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Fig. 1 Effect of agitation
speed on leaching efficiency
of metals at the conditions of
pulp density, 5 wt./vol.%;
H2SO4 concentration,
1.0 mol/L; temperature,
90 °C; and time, 90 min

Results and Discussion

Effect of Agitation Speed

The effect of agitation speed was studied in the range of 200–600 rpm, while keeping
pulp density (5 wt./vol.%), H2SO4 concentration (1.0 mol/L), temperature (90 °C),
and time (90 min) constant. Figure 1 shows that the degree of leaching significantly
improved (Mo 61.6% to > 93%; Re 74% to > 92%; Cu 52.6% to 87%; Ca 66% to
92%; and Na 68.6% to 99%) by increasing the agitation speed from 200 to 400 rpm.
This can be corroborated by the increased contacts between metal compounds and
lixiviant molecules that improve reaction rate [12]. Then after, leaching did not
improve and reached the plateau region. The maximum leaching obtained at 500 rpm
was optimized to maintain throughout the experimental sets.

Effect of H2SO4 Concentration

The effect of acid concentration was studied in the range of 0.1 − 1.0 mol/L H2SO4

while keeping the pulp density (5 wt./vol.%), temperature (90 °C), time (90 min),
and agitation speed (500 rpm) constant. Figure 2 shows that metals’ leaching signifi-
cantly improved with increasing acid concentration. As can be seen, the leaching was
significantly improved (Mo 6.6% to 96%; Re 42.6% to ~ 93%; Cu 28.6% to ~ 98%;
Ca 36.4% to > 94%; and Na 25% to ~ 99%) by increasing the acid concentration
from 0.1 mol/L to 1.0 mol/L H2SO4. It indicates that a slow leaching at a lower acid
concentration via the diffusion rate could supersede the rate of chemical reactions at
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Fig. 2 Effect of acid
concentration on leaching
efficiency of metals at the
conditions of pulp density, 5
wt./vol.%; agitation speed,
500 rpm; temperature, 90 °C;
and time, 90 min

a higher acid concentration [12–14]. No dissolution of lead at any acid concentra-
tion can be corroborated by the formation of insoluble lead sulfate in sulfuric acid
solutions.

Effect of Temperature

The effect of temperature on metals leaching was studied in the range of 30 °C
to 90 °C at constant parameters of pulp density (5 wt./vol.%), acid concentration
(1.0 mol/L H2SO4), time (90 min), and agitation speed (500 rpm). Figure 3 shows
that the leaching efficiency increased by raising the temperature from 30 °C to 90 °C,
certainly due to the change in the reaction rate [12, 15]. As can be seen, the leaching
efficiency of Mo (69–96%), Re (75–3%), and Cu (58–98%) increased by raising the
temperature from 30 °C to 90 °C. Interestingly, leaching of Ca declined from 99.8%
to <95% with increasing temperature, possibly due to the low solubility of CaSO4 at
a high temperature. On the other hand, the leaching of Na was unchanged (> 99%)
regardless of temperature.

Effect of Time

The effect of time on metals’ leaching was studied for up to 90 min while other
parameterswere kept unchanged as optimized above. Figure 4 shows that the leaching
rate was rapid mainly in the early duration of the process, where about 48%Mo, 39%
Re, 36% Cu, 24% Ca, and 35% Na were leached within 5 min of contact. Leaching
was remarkably increased in 30 min and finally reached 96%Mo, 93% Re, 98% Cu,
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Fig. 3 Effect of temperature
on leaching efficiency of
metals at the conditions of
pulp density, 5 wt./vol.%;
H2SO4 concentration,
1.0 mol/L; agitation speed,
500 rpm; and time, 90 min

92% Ca, and 99% Na after 90 min of leaching. The residual sulfide minerals of Mo
can describe the reason for incomplete dissolution as the prominent peak of MoS2
was observed by XRD analysis of the leached residue (refer to Fig. 5b), which was
initially showing the patterns of MoO3 and MoO2 in the flue dust (refer to Fig. 5a).
Also, the formation of insoluble PbSO4 was observed in the XRD pattern of leached
residue along with the co-existing mineral phase of crystalline Fe2O3.

Fig. 4 Effect of leaching
time on metals dissolution at
the conditions of pulp
density, 5 wt./vol.%; H2SO4
concentration, 1.0 mol/L;
temperature, 90 °C; and
time, 90 min
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Fig. 5 XRD patterns of
molybdenite flue dust
(a) and leached residue (b)

Leaching Kinetics and Mechanism

The experimental data was further used to evaluate the leaching kinetics and mech-
anism of the main targeted metals (i.e., Mo and Re) in the flue dust. The common
models fitting for the heterogeneous reactions, viz. shrinking core model involving
small particles, were analyzed using the following equations [12, 15]:

1 − (1 − x)1/3 = kc ∗ t (2)

1 − (1 − x)2/3 = kd ∗ t (3)

where x = solid–liquid mass transfer rate of metal, t = time fraction in min, and
kc and kd = the rate constant for chemically controlled and diffusion-controlled
reactions, respectively.

When evaluating the dissolution data with Eqs. (2) and (3), the model did not fit
well; hence, an empirical model following the logarithmic rate law was investigated
next by using the following equation [12, 14]:

{− ln(1 − x)}2 = kemp ∗ t (4)

where kemp = the specific rate constant.



Hydrometallurgical Extraction of Molybdenum and Rhenium … 167

The plots of {–ln(1–x)}2 vs. t for both molybdenum and rhenium yielded straight
lines with values of regression coefficients (R2) more than 0.99 at all the studied
temperatures showing the best model fits. kemp for both metals at each temperature
was determined from the slope values of the straight lines. As can be seen, the rate
of metal dissolution significantly increased with temperature elevation.

Furthermore, the obtained kemp (slope) values were expressed in the Arrhenius
equation to determine the apparent activation energy (Ea) of both metals using the
following equation [15, 16]:

kemp = Ae(
−Ea
RT ) (5)

where A = the Arrhenius constant, R = the Universal gas constant (8.314 kJ/mol),
and T = the temperature (in Kelvin).

Thus, plotted ln kemp versus 1/T for both molybdenum and rhenium are shown
in Fig. 6. The slope values from the straight lines of the plots were used to deter-
mine the apparent activation energy values for molybdenum and rhenium disso-
lution in sulfuric acid solution, which were found to be Ea(Mo), 35.5 kJ/mol, and
Ea(Re), 21.5 kJ/mol. The value of apparent activation energy in the range of 4 kJ/mol
to 12 kJ/mol indicates that a reaction is controlled by surface diffusion, while a
greater value (> 41.8 kJ/mol) indicates that the dissolution is driven by the chemi-
cally controlled reaction. In this study, the Ea obtained using Eq. (5) lies between
12.0 kJ/mol and 41.8 kJ/mol, which indicates that the dissolution process is governed
by an intermediate-controlled mechanism [15, 16]. This confirmed the assumption
that the rapid dissolution ofmetals during the initial timewas limited by the diffusion-
controlled mechanism, which shifted towards the chemically controlled mechanism
with a prolonged duration of dissolution.

Fig. 6 Arrhenius plots of ln kemp versus t for molybdenum (a) and rhenium (b)
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Conclusions

The present study demonstrated the leaching strategy for the extraction of Mo and
Re from molybdenite roasting flue dust leached in sulfuric acid solution. The effect
of influential parameters like agitation speed, acid concentration, temperature, and
time on metals’ dissolution was examined. The leaching significantly improved by
changing H2SO4 concentration and yielded 96% Mo, 93% Re, 98% Cu, 94% Ca,
and 99% Na in the leach liquor using 1.0 mol/L H2SO4. The variation in leaching
temperature showed the exothermic nature of the leaching process and exhibited the
change in reaction mechanism from diffusion-controlled to chemically controlled
process. The apparent activation energy of Mo = 35.5 kJ/mol and Re = 21.5 kJ/mol
indicated that the leaching process was driven by an intermediate-controlled mecha-
nism. The present study reported the details of impurities profile as well, which can
be useful in the practical exploitation of critical metals (molybdenum and rhenium)
from the roasting flue dust.
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Recovery and Separation of Vanadium
and Tungsten from Spent SCR Catalyst
by Hydrometallurgical/Hybrid Routes

Rajesh Kumar Jyothi, Ana Belen Cueva Sola, Jong Hyuk Jeon,
and Jin-Young Lee

Abstract One of the most harmful air contaminants is nitrogen oxides (NOX)
produced usually in combustion processes. To reduce the effluents, the most effec-
tive technology to date is selective catalytic reduction (SCR) where nitrogen oxides
are reduced into nitrogen to be released freely. Due to the increasingly strict envi-
ronmental regulations, the demand for SCR catalysts has increased, and inevitably,
the necessity of disposal of those spent catalysts has increased accordingly. Most
catalysts for stationary applications contain around 0.5–1.5% wt V2O5 and 7–10%
wt of WO3 in a TiO2 glass fiber matrix, and due to the environmental burden of
disposal and the necessity of finding secondary sources for vanadium (V) and tung-
sten (W), the recycling of spent SCR catalyst becomes a pressing issue for current
research. During this investigation, different tertiary amines were used and compared
to observe the effectiveness in the extraction of vanadium and tungsten from spent
SCR catalyst, the enrichment process was optimized and the loaded organic (9 times
concentration) went through a crowding process where vanadium was replaced by
tungsten to obtain highly pure tungsten loaded organic. The crowding parameters
such as crowding agent, concentration, and pH were optimized.

Keywords SCR catalyst · Vanadium · Tungsten · Crowding · Purification
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Introduction

Lately, secondary wastes such as electronics, scraps, sludge, and spent catalysts
among others have been extensively studied to help alleviate the demand for different
valuablemetals contained in thesewastes.Depletion of the primary sources alongside
the environmental concerns of the current waste generation globally has led to that
boom [1–3]. In particular, Selective Catalytic Reduction (SCR) W-V/TiO2 catalyst
is considered the most prominent technology to treat the noxious nitrogen oxides
generated during combustion processes, especially in power plants [4]. SCR catalyst
has a great lifespan, great regeneration capability, and excellent conversion of NOx
into N2 [5, 6]; however, eventually it deactivates and has to be landfilled posing a
great environmental issue, not only due to the lack of landfill areas but also due to the
toxicity of the materials in the catalyst. This waste contains a considerable amount
of valuable metals such as vanadium (0.5–1.5%), tungsten (7–10%), and titanium
(70–80%); however, the presence of vanadium and tungsten leads to difficulty in the
separation of those due to their identical speciation properties while titanium can be
easily separated in an initial step [7]. The investigation of our research group [7–10]
has focused on the selective recovery of titanium, followed by a leaching process of
vanadium and tungsten from a soda-roasted spent SCR catalyst. Thus, the issue to
research further is the separation of either metal to obtain a pure product.

Several hydrometallurgical routes have been employed for the extraction and
recovery of those metals; however, liquid–liquid extraction has shown a promising
field to separate vanadium and tungsten. Several commercial extractants such as
D2EHPA [11–16], PC88A [15], Cyanex 272, LIX series reagents [13, 17], and TBP
[11, 12, 16] have shown excellent extraction properties towards vanadium and tung-
sten; however, amine-based reagents have shown a greater ability to extract themetals
from the aqueous phase. The main shortcoming up to date has been the difficulty
in the separation of vanadium and tungsten in the extraction or stripping process.
Therefore, in this study different tertiary ammines are compared for the extraction
and enrichment of vanadium and tungsten from spent SCR catalyst leach liquor to
obtain a highly concentrated in both metals loaded organic. The loaded organic will
go through a crowding process, using a solution rich in tungsten to replace vanadium
in the organic phase and yield highly concentrated tungsten loaded organic as shown
in Fig. 1.

Experimental

Apparatus and Reagents

To obtain the concentrations of vanadium and tungsten in the aqueous solutions at
different stages of the process, ICP-OES Spectrometer (iCAP 6000 Thermo Scien-
tific) was employed. The pH of the solutions was determined using a Thermo
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Fig. 1 Schematic of the experimental proposal

Scientific pH meter. The extractant used for this research is the commercial grade
commonly known as Alamine 336 (tri-n-octylamine) acquired from Thermo Scien-
tific, while Exxsol™D80 was used as a solvent. Sodium Tungstate (Junsei Chemical
Co., Ltd., Japan) of analytical gradewas used as it is for the crowding experiments. To
prepare the leach liquor used in the investigation, the process developed in previous
studies in the same research group was used [8, 18, 19] and Fig. 1 presents the
extraction, enrichment, and crowding process studied.

Solvent Extraction Method

A 30mL of the aqueous phase, containing V andW from spent SCR catalyst, and the
organic phase were placed in separation funnels and mixed for 30 min in separation
funnels in a shaking incubator at 250 rpm and ambient temperature (25 °C). After
phase disengagement, the raffinate (aqueous)was analyzed by ICP-OES to determine
vanadium and tungsten concentration. The content of themetals in the loaded organic
was obtained using mass balance.

The D value was obtained as follows:

D = Metal concentration organic/Metal concentration aqueous (1)

Metal concentrations were taken after extraction

%Extraction = D × 100/(D + 1) (2)

whereD= distribution ratio, 1 represents the phase ratio (Aqueous (A)/Organic (O))
= 1
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Results

Comparison Between Alamine 336 and Alamine 308

To determine the efficiency of Alamine 336 and Alamine 308 for the extraction
of vanadium and tungsten from a spent SCR catalyst leach liquor, the pH before
extraction was varied from 0.5 to 7 while other parameters such as temperature
(25 °C), concentration of extractant (0.5 mol/L), and time (30 min) were maintained
as constant.

Figure 2 shows that on the acid side of the spectrum, when equilibrium pH
increases the extraction of theVandWalso increases; however, it reaches amaximum
at equilibrium pH (4.65) corresponding to 2.01 initial pH. The phenomena can be
explained due to the different speciation of vanadium and tungsten ions at different
pH. In a highly acidic pH condition, vanadium is mostly present as oxo-anionic
moieties such as V10O26(OH)

2− [13], while tungsten forms derives of WO4
2− in

the structure of W12O41-2n
(10−4n)−(n = 0,1) [20]. Due to the slight difference in the

extraction efficiency of Alamine 336 and Alamine 308 for vanadium and tungsten
extraction, Alamine 336 is taken as the optimum extractant for further enrichment
of the metals.

Fig. 2 Extraction efficiency of V and W at different pH for different extractants
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Fig. 3 Extraction isotherms for a vanadium and b tungsten

McCabe Thiele Plot for Vanadium and Tungsten
and Counter-Current Simulations (CCS)

To further understand the enrichment potential of Alamine 336 for vanadium and
tungsten, the extraction isotherm for both metals was constructed. The leach liquor
containing 2300 mg/L and 16,800 mg/L of vanadium and tungsten, respectively, was
contacted for 30 min with Alamine 336 (0.5 mol/L) varying the phase ratio from 1:1
(A:O) to 10:1 (A:O) while initial pH of the aqueous solution was kept constant at
2.01. Figure 3 shows that at the conditions set, there can be a five-fold enrichment of
both metals by employing three extraction stages for a quantitative extraction. The
organic phase can bear a loading capacity of 11.15 g/L of vanadium and 83.3 g/L of
tungsten.

To support the results obtained by the McCabe Thiele simulation, counter-current
extraction in three stages was performed for several cycles, and the percentage of
extraction averages 98.72% for vanadium and 99.99% for tungsten yielding a loaded
organicwith an average concentration of 21 g/L of vanadium and 134 g/L of tungsten.

Crowding Process for Vanadium and Tungsten Separation

Due to the unique speciation and extraction behavior of both tungsten and vanadium
with Alamine 336 at the initial pH of 2.01, more than 99% of extraction for both
metals was confirmed; however, there was no significant separation of V and W
from the enriched solution. Thus, a crowding process was implemented to attain a
loaded organic rich in tungsten and low or negligible in vanadium. For this process,
a concentrated solution of Na2WO4 was contacted at different pH with the loaded
organic rich in vanadium and tungsten with the aim to replace the vanadiummoieties
in the loaded organic with tungsten. Figure 4 shows the influence of pH in the
crowding solution containing 30 g/L of tungsten in the amount of vanadium replaced.
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It can be observed that when pH is higher than 7, the crowding effect reaches a plateau
having a 57% replacement of vanadium in the loaded organic.

In addition, to further elucidate the crowding process, the concentration of tung-
sten in the crowding solution was modified from 10 g/L to 50 g/L while keeping
the temperature (25 °C) and pH (8.53) constant. Figure 5 shows that increasing the
concentration of tungsten increases the amount of vanadium replaced in the loaded
organic up to 76%, yielding a loaded organic rich in tungsten (106 g/L) and with
4 g/L of vanadium.

Fig. 4 Effect of crowding
solution pH in the vanadium
replacement in the loaded
organic

Fig. 5 Effect of tungsten
concentration in the
crowding solution in the
vanadium replacement
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Conclusion

The experimental study shown above focuses on the comparison of different amine-
based commercial extractants for the extraction and enrichment of vanadium and
tungsten from spent SCR catalysts. By using Alamine 336, a 99% extraction of
vanadium and tungsten can be obtained with a ninefold enrichment of both metals.
Due to the similar speciation of themetals, the separation of them has been of interest
to several researchers; thus, the crowding process has been used to replace vanadium
from the enriched loaded organic with tungsten and obtain a solely tungsten enriched
solution. By using a 50 g/L crowding solution from Na2WO4 at a pH of 8.53, 76% of
vanadium was replaced yielding an enriched tungsten solution containing 106 g/L.
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Removal of Selenium from Chloride
Media Using Bioadsorbent

Mohamed Abdallah and Shafiq Alam

Abstract Selenium is an important mineral for plants and living organisms. Trace
amounts of selenium are needed for our everyday functions; however, when large
amounts are consumed, it becomes really dangerous with adverse health effects;
as a result of this, its removal has been the focus of many studies over the past
decades. The mining and refining industries release the most amounts of selenium
which are present in their wastewater in most cases. This paper will discuss the
removal of selenium from chloride media by adsorption using biobased materials.
Data analysis revealed that the adsorption rate of selenium on lignin progressed via
the pseudo-second-order ratemodel. Adsorption isothermmodel studies indicate that
the adsorption of selenium by lignin followed the Freundlich adsorption isotherm.
Other thermodynamic data were calculated to examine the nature and efficiency of
selenium removal from chloride media.

Keywords Mining · Mineral processing · Selenium · Biosorption · Biomass ·
Lignin · Chloride · Modeling

Introduction

Selenium (Se) and its oxyanions have become a major health and environmental
concern in recent years. Environmental contamination by selenium can occur due to
various sources like metal ores, mine drainage, water drainage, industrial effluents,
and fossil fuel residues.Various studies have focused on selenium removal fromwater
using different techniques [1]. In the periodic table, Se belongs to the chalco-gene
group and is mostly present in minerals containing sulfur [2]. Selenium, the essential
trace mineral, is vital to human health. Selenium deficiency may have detrimental
impacts on the resistance to diseases and overall health maintenance. Several studies
show that selenium deficiency affects the immune system, viral infection, cardiovas-
cular disorders, and thyroid function [3]. Another disease associated with selenium
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deficiency is clinical Se deficiency also known as white muscle disease, which can
cause nutritional myodegeneration, which is a disease that occurs mostly in farm
animals like sheep and cows [4]. The only micronutrient regulated by the food and
drug administration (FDA) as a feed additive is selenium and that is due to its toxi-
city. In 1974, the environmental protection agency (EPA), under the safe drinking
water act, determined the maximum contaminant level goal (MCLG) of selenium
to be 0.05 mg/L (ppm) or 50 ppb, so selenium removal from surface and ground
waters is necessary to meet drinking water standards. The selenium concentration
in contaminated wastewater must also be reduced to minimize its impact on natural
water resources or to be reused [5]. Electronics, glass, ceramics, glass coloring, steel,
pigment manufacturing, and rubber production are only a few of the industries that
use selenium. Selenium is used in antidandruff shampoos and as a dietary supple-
ment in medicine [6]. The presence of selenate and selenite, the low discharge limits,
and the generation of huge amounts of wastewater made the removal of selenium
from the aqueous medium complex and expensive [7]. The principal aqueous forms
of selenium are selenite (Se4+) and selenate (Se6+); selenate is harder to treat and
remove than selenite. Selenate is present in the oxidizing state as SeO4

2− and selenite
is present in the reducing state as SeO3

2− or HSeO3
− [8]. In the pH range of 6 to

8 only elemental selenium [Se, (0)], selenate, selenite, and bi-selenite ion (HSeO3)
exist in water.

Selenium contamination is a global problem and is related to various human activ-
ities [9]. One of the key contributors to the release of selenium into the atmosphere
is the mining industry. Active mining used to reach coal, phosphate, or ore body
produces lots of waste rocks. As a result, runoff and other releases produced from
tailings and piles of waste rock can release huge amounts of selenium, which can
end up in aquatic ecosystems if they are not controlled or mishandled [10] as shown
in Fig. 1.

Fig. 1 Cycle of selenium in the environment during mining [7]
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Different recovery or treatment processes like (biological) oxidation/reduction,
phytoremediation, membrane separation technologies, coagulation or flocculation,
and adsorption have been studied and used by researchers to recover selenium.
Although industries might receive economic gain from recovering selenium with
these processes, excessive operation costs and obeying environmental regulations
maymake selenium recovery less likely to be adopted on amassive scale. Researchers
have favored biosorption because it produces almost no waste; it is more economical
compared to other processes. Finally, it is practical in the sense that each country could
use the abundant biomass it has to recover selenium. Roberts et al. [1] used Gracilaria
waste biomass as a bioresource for selenium biosorption, where the Gracilaria waste
was treatedwith iron (Fe) and observed that almost 99%of seleniumwas removed. In
our research, following an experiment work, a METSIM model has been developed
to separate selenium from chloride media using bioadsorbents prepared from wood
lignin, which is described below.

Modeling of Selenium Recovery

METSIM is a simulator used for metallurgical processes because of its ability to
deal with heterogeneous solutions (containing solids and liquids) and modify ther-
modynamic properties. In this research, selenium monochloride (Se2Cl2) was used
in the model since it is one of the most soluble crystalline structures in water, so
it is very probable that it would be available in metallurgical solutions or industrial
waste effluents. The components needed in this model were Se2Cl2, hydrochloric
acid (HCl), water, and lignin. The main purpose of HCl and water is to control the
pH of the solution entering the reactor tank where a chemical reaction is specified.
As in the case of any simulation model, some assumptions must be made for the
model to work properly. One of these assumptions was the rate of reaction. For the
model to run in METSIM, the reaction rate was entered as a function of temperature
and time such as “1–xRT /t”, where x is the initial rate of reaction (e.g. 0.4), R is
the gas constant, T is temperature, in K and t is time in minutes. This helps study
the effect of residence time on the rate of reaction. Another assumption made in this
simulation was the room temperature, according to different researchers, the room
temperature in the laboratory was between 20 °C and 25 °C, so a room temperature
of 25 °C was assumed in this model. The final assumption made in this simulation
was the revolutions per minute (rpm) in the reactor; most researchers were stirring
their solution at 200 to 300 rpms; therefore, a 300 rpm agitation was used for this
simulation.

The reaction entered in METSIM model is an adsorption reaction where Se2Cl2
reacts with lignin (C10H8(OH)4) to produce selenium, hydrochloric acid, and product
lignin (C10H6O4) as shown in Eq. 1.

3Se2Cl2 + C10H8(OH)4 → 6Se + C10H6O4 + 6HCl (1)
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Reactions for both seleniumdichloride (SeCl2) and selenium tetrachloride (SeCl4)
were entered as shown in Eqs. 2–3.

3SeCl4 + 2C10H8(OH)4 → 6Se + 2C10H6O4 + 12HCl (2)

3SeCl2 + C10H8(OH)4 → 6Se + C10H6O4 + 6HCl (3)

Selenium monochloride was the chloride form of choice because chlorine ions
compete with the adsorption of other anions such as selenate and selenite, especially
when present at higher concentrations; therefore, choosing a chloride form that has
equal number of selenium and chloride ions would be more beneficial than SeCl2
and SeCl4 as the chlorine concentration would bemuch higher in these species which
would lead to less percent recovery [11]. Elemental selenium [Se (0)] is the selenium
species present in both Se2Cl2 and SeCl2. On the other hand, selenite (Se4+) is present
in SeCl4.

A mixer, a heat exchanger, and an agitated reactor tank were the three-unit oper-
ation utilized in this simulation. The main purpose of the mixer is to adjust the flow
rates and concentrations of HCl and Se2Cl2, which in turn controls the theoretical pH
of the solution entering the heat exchanger which heats the solution to a set temper-
ature before entering the reactor where the main reaction takes place. The process
flow diagram is shown in Fig. 2, and Table 1 shows the details of the components
present in each stream.

The obtained results from the kinetic studies performed on lignin for selenium
adsorption are presented in Fig. 3.

It is clearly indicated that at 25 °C, the adsorption reaction is very good, where
99%of (100mg/L) seleniumavailable in seleniummonochloride solution is adsorbed
in 12 h.

Fig. 2 METSIM model developed with all components and unit operations needed
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Table 1 Components present
in each stream

Stream No. Component(s)

1 Heat exchanger feed (Se2Cl2, HCl and H2O)

2 HCl

3 H2O

4 Se2Cl2

5 Lignin

6 Hot feed into reactor (Se2Cl2, HCl and H2O)

7 Cold water in

8 Hot water out

9 Reactor outlet (Se, product lignin, and HCl)

Fig. 3 Plotting of uptake versus time at Se starting concentration of 100 mg/L

Table 2 shows the selenium uptake capacity at equilibrium (qe) in Langmuir and
Freundlich adsorption models, where it was found that the adsorption of selenium
by lignin followed the Freundlich adsorption isotherm.

Pseudo-first-order and pseudo-second-order models were fitted and calculated on
the results for selenium biosorption on lignin. Table 3 shows the rate constants of
pseudo-first order and second order as K1 and K2, respectively. It can be concluded
that the methods used to fit obtained experimental data to the pseudo-second-order
model are reliable. The activation energy was calculated to be 9.49 kJ/mol and the
adsorption process is chemisorption.

Table 2 Summary of Langmuir and Freundlich adsorption model

Langmuir adsorption model Freundlich adsorption model

Temp. (K) qe R2 qe R2

298 98.4 0.9169 99 0.998
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Table 3 Summary of pseudo-first-order and pseudo-second-order kinetic parameters

Pseudo-first-order model Pseudo-second-order model

Temp. (K) K1 (h−1) R2 K2 (mg ppm−1 h−1) × 104 R2

298 0.2229 0.9169 0.0217 0.998

Conclusion

AMETSIMmodel has been developed for the adsorption of selenium from chloride
media using bioadorbents prepared from woody biomass, where 99% selenium was
recovered from the solution. The model showed that the adsorption process followed
the Freundlich adsorption isotherm and the pseudo-second-order kinetic model, and
the process is chemisorption.
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Biosorption as a Vital Tool for Metal
Recovery in Effluent Treatment:
A Review

Shilpa Kalamani Bawkar, Pramod K. Singh, Pankaj K. Choubey,
Rekha Panda, Jhumki Hait, and Manis K. Jha

Abstract The present paper is focused on the application of environment-friendly
processes on metals adsorption using bioadsorbent. A huge amount of effluents is
generated in electronicmanufacturing/ recycling industries containing variousmetals
such asCu,Cr, Pb, Zn, andNi.An exhaustive reviewhas beenmade based on varieties
of adsorbents, targeted metals, and medium. The objective of this review is to find
out low-cost, easily available, potential adsorbent for metal reclamation. The present
paper is engrossed in ‘Bioadsorption’ as a vital tool for metal recovery. It includes
various classified bioadsorbent with their mode of action, adsorption capacities, and
feasibility. It gives an overview to researchers and industrialists to find out potential
bioadsorbents for further research in effluent treatment and metal recovery. Based on
the salient features of developed processes, recommendation for suitable processes
has also been made.

Keywords Bioadsorbent · Heavy metals · Industrial effluents · Effluent treatment

Introduction

Metals have larger applications in many processes-based industries like electro-
plating, surface coating, chemical, and mechanical polishing industries, etc. They
have unique properties like conductivity for heat and electricity, ductility, and lustrous
effect. Hence, it is showing tremendousmarket value. These get utilized into different
equipment like electronics, vehicles, and construction-based equipment, which we
use in day-to-day life. Due to rapid industrialization and globalization, dependency
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on these equipment is increasing rapidly. Further, the limited life span of these equip-
ment produces a larger amount of electronic waste, which are non-biodegradable. It
creates a large amount of environmental pollution and loss of these valuable metals.

The effluent generated from the industries has large metal values, which get
discharged into water bodies without recovering it. Some of the metals from the
effluent discharge are harmful to the environment and living organisms.Heavymetals
released into the water, enter into the food chain of living organisms, and ultimately
can produce problems like bioaccumulation and toxicity effects. All heavymetals are
toxic in nature and showmany hazardous effects on the human being if get consumed
above the recommended level of WHO (Table 1).

There are different techniques of effluent treatment through which these metals
get reclaimed from the water bodies to reduce pollution and utilize for betterment.
Techniques like coagulation, floatation, membrane filtration, flocculation, magnetic
separation, ion-exchange, and adsorption are used for effluent treatment. But all of
them have some challenges like process andmaintenance costs, harmful side product
generation, etc. Amongst all, adsorption is one of the effective techniques showing
faster kinetics and higher capacity for metal recovery [1]. The adsorption technique
was utilized by many researchers and industrialists for the removal of dyes, different
pollutants, heavy metals, etc., using different types of adsorbents like chemical and
biological adsorbents from polluted water [2]. Bioadsorbent is an adsorbent prepared
by different biodegradablematerials like plants, animals,micro-organisms, andwaste
produced from it. These are easily available, low-cost, eco-friendly, and potential
adsorbent for metal recovery from effluent [3].

The present paper reviewed various bioadsorbents, which indicated that bioad-
sorption is one of the vital tools for metal recovery. This paper gives an overall idea
about their preparation and adsorption capacity for different metals along with their
advantages and disadvantages. Enlisted information about these classified bioadsor-
bent will help researchers, and industrialists utilize the information related to their
adsorption potential for metal reclamation and effluent treatment.

Adsorption of Metal Ions Using Various Bioadsorbent

The adsorption process is one of the surface interactions between adsorbate and
adsorbent. It produces monolayer or multilayer on homo or heterogeneous adsorbent
surfaces. Figure 1 explains different surface interactions including the adsorption
mechanism.

Many conventional methods are costly and inefficient in heavy metal recovery
from effluent having low metal concentration. Many studies have shown the poten-
tiality of different biological materials for metal recovery from wastewater. Bioad-
sorption is cost-effective, easily available, simple operation, high surface area, and
has fewer side effects (no production of hazardous material). It is a beneficial tech-
nique for metal recovery, improving the quality of water, and also effective biowaste
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Table 1 Bioadsorbents used for the different heavy metal adsorption

Metal Hazardous
effect and its
recommended
level (R.L.) in
human body

Bioadsorbent Experimental Condition Adsorption
capacity
(mg/g)

References

Adsorbent
dose (g/L)

time
(min)

pH

Cu Gastrointestinal
disease,
haemolysis,
hepatotoxic
effects,
nephrotoxic
effects
R.L.: 2 ppm

1. Sunflower
stalk

4 60 4.2 142.8 [5]

2. Banana peel 5 60 6.5 20.37 [6]

3. Neem leaf
powder

0.01 240 – 185.58 [7]

4. Chitosan
beads

1 1440 5.3 43.13 [8]

5. Horn core 4 30 – 99.98 [9]

Pb Anemia,
encephalopathy,
and hepatitis.
Saturates in
bones, brain,
kidney and
affect badly to
reproductive
system
R.L.: 0.01 ppm

1. Maize comb
and husk

20 10 7.5 456.7 [10]

2. Maize leaf 10 30 3 37.31 [11]

3. Saffron flower
waste

2 9 6 45.62 [12]

4. Cocoa shells 15 1440 2 52.96 [13]

5. Orange peel 100 20 5 46.61 [14]

6. Goat hoof 0.1 5 5 27 [15]

Zn Nausea, skin
irritation,
vomiting,
anaemia
R.L.: 5 ppm

1. Azadirecta
indica bark

16.6 45 6 33.49 [16]

2. Palm tree
leaves

2 10 5.5 14.7 [17]

3. Maize comb
and husk

20 10 7.5 495.9 [10]

4. Rice husk ash 10 180 5 14.3 [18]

5. Chicken
feathers

5 10 – 3.06 [19]

Cr Carcinogenic
and mutagenic
effect, damage
liver, kidney,
blood
capillaries,
cause
gastrointestinal
irritation
R.L.: 0.05 ppm

1. Datura
stramonium fruit

0.2 60 2 138.07 [20]

2. Durian shell
waste

1–10 60 2.5 117 [21]

3. Peanut shell 10 20 5 27.86 [1]

4. Human Hair 1 50 1 9.853 [22]

(continued)
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Table 1 (continued)

Metal Hazardous
effect and its
recommended
level (R.L.) in
human body

Bioadsorbent Experimental Condition Adsorption
capacity
(mg/g)

References

Adsorbent
dose (g/L)

time
(min)

pH

5. Waste egg
shell

20 10 1.75 92.8 [23]

Cd Kidney damage,
renal disorder,
human
carcinogen
R.L.: 0.003 ppm

1. Neem leaf
powder

0.01 240 – 154.5 [7]

2. Datura inoxia,
a medicinal
plant leaves

0.1 240 5 12.5 [24]

3. Modified
sugarcane
bagasse

1 30 6.5–7.5 196 [25]

4. Calcinated
egg shell

25 10 1.75 92.8 [23]

5. Maize comb
and husk

20 10 7.5 493.7 [10]

Ni Detrimental and
carcinogenic
effect, lung and
kidney related
issues,
dermatitis
R.L.: 0.07 ppm

1. Tea waste 10 240 4 18.47 [26]

2. Coir pith 1 40 4 4.17 [27]

3. Peanut shell 0.3 60 7 2 [28]

4. Neem leaf
powder

0.01 240 – 120.6 [7]

5.
Agro-industrial
wastes: plantain
(PSR)
production and
yam starch

0.677
1.19

1440
1440

2
2

47.6
64.5

[29]

use [4]. This reviewhas classifiedbioadsorbent basedondifferent targetmetal adsorp-
tion. Some of the heavy metals, their hazardous effect, and bioadsorbent used for
their adsorption process are summarized in Table 1. The present review gives an
idea about efficient bioadsorbent for specific metals with its optimized adsorption
mechanism along with its kinetics and suitable isotherm model. Equations utilized
for calculating the adsorption efficiency of bioadsorbent are mentioned in Table 2.

Copper (Cu) Adsorption Using Bioadsorbents

The use of biowaste for copper adsorption is one of the interesting topics in waste
water treatment. Sunflower stalk had been proved as one of the efficient copper adsor-
bents. A 4 g/L sunflower stalk biomass was kept in shaking condition at 120 rpm
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Fig. 1 Different interaction between adsorbent surface andmetal ions (Adopted andmodified from
[2])

speed with 100 ppm Cu solution for 60 min, 25 °C temperature at pH: 4.2 gave
70–80% copper adsorption. It had shown 142.8 mg/g adsorption capacity. Both
Langmuir–Freundlich models gave the best fitting for these experimental results.
Further, column studies are performed to validate batch copper adsorption results in
continuous mode. The result indicates that modification of the sunflower stalks by
nitric acid enhances the adsorption capacity to some extent [5].

Patel and the group studied copper adsorption using activated charcoal produced
via neem leaf powder. 0.01 g/L of adsorbent dose was kept in contact with 100 ppm
copper-containing aqueous feed solution for 240 min, 41.85 °C temperature, and
200 rpm speed. It showed an adsorption capacity of 185.8 mg/g for Cu. Adsorp-
tion reaction follows pseudo-second order kinetic model and Langmuir adsorption
isotherm model had shown more suitable for batch and column adsorption exper-
imental data as compared to other adsorption models. This adsorbent had shown
seven times regeneration efficiency by treating with 0.1 M HCl indicating reversible
and chemical adsorption mechanism of Neem leaf [7].

Recently, Karimi (2022) studied magnetic chitosan beads (developed by EDTA
functionalization) for the adsorption of copper. Experiments were carried out using
1 g/L of modified chitosan beads kept in contact with 10 ppm Cu containing aqueous
feed solution for 1440 min at pH: 5.3. Results indicated that 93.69% of Cu adsorbed
on EDTA modified chitosan beads with 43.19 mg/g adsorption capacity. It obeyed
pseudo-second order equation and the Langmuir isotherm. It proved that EDTA
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Table 2 Equations for adsorption process

Equation Description References

% Adsorption [(Co-Ce)/Co] × 100 Co: Initial copper
concentration in feed
solution (mg/L)
Ce: Equilibrium copper
concentration in the
raffinate (mg/L)
m: Mass of adsorbent (gm)
V: Volume of adsorbate
(L)
Cf: Equilibrium copper
concentration in elutant
(mg/L)

[24]

Adsorption capacity
(mg/g)

[(Co-Ce)/ m] × V

% Elution [Cf/ (Co-Ce)] × 100

Adsorption isotherm

(i) Langmuir adsorption
isotherm

1/q = [(1/ k1.qm) (1/Ce) +
(1/ qm)]

q: Amount of metal
adsorbed at equilibrium
k1: Langmuir constant/
Constant related to the
affinity of binding sites for
the copper
qm: The adsorbent
capacity (Maximum
adsorption of copper metal
on adsorbent in mg per
unit mass of adsorbent in
grams)
Ce: Equilibrium copper
concentration in the
raffinate (mg/L)

[4]

(ii) Freundlich adsorption
isotherm

q = kf × (Ce)1/n kf: Freundlich constant/
Constant related to the
affinity of binding sites for
the copper
n: Freundlich exponent

Adsorption kinetics

(i) Pseudo-first order dqt/dt = K1 (qe–q) qe: Copper adsorbed on
the adsorbent at
equilibrium (mg/g)
q: Copper adsorbed on the
adsorbent at time t (mg/g)
k1: Rate constant of
pseudo-first order reaction
(g/mg min)

[7]

(ii) Pseudo-second order dqt/dt = K2 (qe–q)2 k2: Rate constant of
pseudo-second order
reaction (g/mg min)
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enhances the adsorption process so it was having great potential in wastewater
treatment [8].

Lead (Pb) Adsorption Using Bioadsorbents

Different biodegradable wastes have been utilized by many researchers for lead
adsorption from aqueous solutions. Amongst studied literature, Maize comb and
husk indicated maximum adsorption efficiency. It is used for adsorption of lead
from the effluent containing 1000 ppm Lead. Experiments were performed using
20 g/L of Maize comb was kept in contact for 10 min at pH: 7.5. Results show that
456.7 mg lead was adsorbed per gram of Maize comb. Further, the surface of Maize
comb and husk were modified by the carboxymethylation process to enhance the
adsorption efficiency of lead but carboxymethylation have an adverse effect on the
lead adsorption resulting in the decrease in adsorption efficiency of Maize comb for
lead recovery [10].

Further, saffron flower waste was also utilized for efficient lead adsorption from
wastewater. 2 g/L saffronflowerwastewere kept in contact for 9minwith 30 ppm lead
solution with 200 rpm shaking speed at pH: 6 for maximum adsorption. The result
indicates that batch experimental data fittedwell in the Langmuir adsorption isotherm
and follow the second order rate equation. The maximum adsorption capacities were
36.97 mg/g and 45.62 mg/g for the ultrasonic and shaking process, respectively.
Results indicated that shaking was a more efficient way for adsorption than the
sonication method [12].

Another household waste like cocoa shells was studied by Meunier and his
coworkers for lead adsorption from acidic wastewater. Batch studies were performed
using 15 g/L of Cocoa shells contacted with 4.5 ppm Pb containing aqueous feed
solution for 1440 min at 150 rpm speed, the 22–24 °C temperature at pH: 2. Results
had shown that 94.21% Pb adsorbed without other salt interference with 52.96 mg/g
adsorption capacity. The importance of this research was to study the effect of
different parameters like different salt concentrations, pH, initial feed concentra-
tion of metal, etc. It indicated that lead removal from the acidic wastewater in the
presence of high Ca and Mg concentrations were reduced. However, it was unaf-
fected in the presence of high K and Na concentrations. Studies had been revealed
that the carboxyl and amino functional group was involved in the adsorption process
of lead by cocoa shells [13].

Zinc (Zn) Adsorption Using Bioadsorbents

Different bioadsorbent were reviewed for zinc adsorption and it was found that maize
comb and husk had shown a maximum adsorption capacity of 495.9 mg/g. Exper-
imental conditions for maize comb as an adsorbent were similar to those used for
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lead adsorption [10]. King and team studied Zn adsorption using 16.6 g/L Azadi-
recta indica bark powder where adsorbent was contacted with 20 ppm zinc solution
for 45 min, 30 °C temperature, and 100 rpm shaking speed at pH: 6. Adsorption
capacity of neem bark was 33.49 mg/g with 96% adsorption. Isothermal data were
well fitted in the Langmuir model and pseudo-second order kinetic model. Neem
plant is effective bioadsorbent of Zn, but bioadsorption process was affected due to
intraparticular diffusion of metal through the adsorbent surface [16].

Slaughter house waste like chicken feathers was utilized as a bioadsorbent for zinc
recovery from wastewater. Al-Ashesh and group studied changes in the adsorption
pattern of chicken feathers with or without chemical treatment. Experiments were
carried out by taking 5 g/L of adsorbent soaked in 100 ppm concentration of Zn
containing aqueous for 10 min. Results indicated that 2.52 and 3.06 mg/g of zinc
was adsorbed on adsorbent after treatment with 0.6% dodecyl sulfate and 0.2 N
NaOH, respectively, while non-activated chicken feather shows only 1.8 mg/g of
adsorption. They proved pretreatment of 0.2 N NaOH and 0.6% dodecyl sulfate
(anionic surfactant) separately was best for the sorption process because it improves
porosity in keratin for easy sorption of metal in it. Data were well fitted in Freundlich
isotherm indicating a multilayer adsorption process [19].

Chromium (Cr) Adsorption Using Bioadsorbents

Various bioadsorbents had been investigated for chromium adsorption in which
Datura stramonium fruit had shown a maximum adsorption capacity of 138.07 mg/g
amongst all reviewed literature. Experiments were carried out by using 0.2 g/L of
fruit sample kept in contact with 100 ppm chromium containing aqueous solution
for 60 min contact time, 60 °C temperature with 100 rpm shaking speed at pH:
2. Result indicates that phosphoric acid treated Datura stramonium (PDSF) had
shown maximum adsorption capacity 138.07 mg/g as compared to raw fruit powder
showing 84mg/g adsorption. Experimental data fittedwell in Langmuir isotherm and
pseudo-second order kinetic equation. In this literature, chemical modification using
phosphoric acid treatedDatura stramonium fruit was checked for chromium adsorp-
tion. Energy dispersive X-ray (EDX) studies of the sample revealed that phosphoric
acid treated Datura stramonium (PDSF) had different sizes and shapes of pores
and fibers compared to raw fruit powder. It indicated that the adsorption process
was governed by the physisorption mechanism. It was proved as an economical and
efficient alternative to bioadsorbent [20].

One more biodegradable waste like durian shell waste was used for chromium
adsorption from industrial waste effluents. Batch experiments were performed using
1–10 g/L Durian shell waste retained in 200 ppm Cr metal containing effluents for
60 min contact time, 60 °C temperature, 100 rpm shaking speed at pH: 2.5. Result
indicates that adsorption capacity of durian shell was 117 mg/g. Further, kinetic data
showed that pseudo-first order data fit well as compared to pseudo-second order
rate reaction. It followed both Langmuir and Freundlich isotherm model. Chromium
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adsorption by durian shell adsorbentwas spontaneous, independent, and endothermic
reaction proved to be a potent bioadsorbent [21].

Cadmium (Cd) Adsorption Using Bioadsorbents

Cadmium adsorption was one of the important topics to review due to its highly
carcinogenic property. Many bioadsorbents were reviewed for cadmium adsorp-
tion and showed that maize comb husk had shown maximum adsorption capacity
(493.7 mg/g). Details about experimental conditions for cadmium adsorption using
maize comb husk have been already discussed in the lead adsorption section [10].

One of the animal wastes like poultry eggshell was used as bioadsorbent for
cadmium adsorption from acidic wastewater. Experiments were carried out by using
20 g/L of calcinated waste egg shell kept in contact with 3 ppm Cd metal solution
in shaking condition at 200 rpm for 10 min contact time, the 23–25 °C tempera-
ture at pH: 1.75. Results had shown 100% removal of cadmium from wastewater
through the adsorption process with 92.8 mg/g adsorption capacity. It was obtained
through modification of eggshell by burning it up to 800 °C at a heating speed of
40 °C/min. Calcination of eggshell began at 650 °C by the formation of pure CaCO3

and converted to CaO, resulting in a phase change in the sample. Calcination of
eggshells transformed it into lime (CaO) and pore enlargement, which enhances the
adsorption process. It strongly recommends the use of calcinated eggshells in the
treatment of wastewater for metal recovery [23].

Junior and the team used modified sugarcane bagasse for Cd adsorption. Experi-
ments were performed by taking 1 g/L of modified sugarcane bagasse kept in contact
for 30 min with an aqueous solution containing 200 ppm cadmium at pH: 6.5–7.5. It
had shown maximum cadmium adsorption with an adsorption capacity of 196 mg/g
with its chemical modification. Sugarcane bagasse was chemically modified with
succinic anhydride for better results. Adsorption data fitted well in both Freundlich
and Langmuir isotherm models. It had been proved that the metal adsorption effi-
ciency of the prepared adsorbent was directly related to the number of amine groups
present on its surface. Therefore, it was proved to be one of the effective, cheap
methodologies for cadmium adsorption [25].

Nickel (Ni) Adsorption Using Bioadsorbents

Various biological adsorbents were reviewed for nickel adsorption from wastewater
indicating that neem leaf powder had shown a maximum adsorption capacity of
120.6 mg/g of adsorbent, experimental conditions for this research were discussed
along with the copper adsorption section [7]. Although, tea leaves waste from
factories is used as a bioadsorbent for nickel adsorption from an aqueous solution,
maximum adsorptionwas achieved by 10 g/L adsorbent kept in contact with 200 ppm
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Ni solution for 240 min, 60 °C temperature, and 360 rpm shaking speed at pH: 4.
It was analyzed that maximum adsorption capacity of tea waste was 18.42 mg/g. A
thermodynamic investigation was also done in this study, which indicates that the
adsorption reactionwas spontaneous, slightly endothermic, and irreversible. Adsorp-
tion data fitted well in the Langmuir isotherm model. The breakthrough curve for
Ni was studied by column experiments. Factory waste tea leaf powder had shown
enormous potential for Ni adsorption from industrial wastewater [26].

Further, agro-industrial waste like yam starch (YSR) was used for nickel adsorp-
tion. Experiments were carried out by using 1.19 g/L yam starch as an adsorbent was
kept in contact with 31.82 ppm Ni initial metal concentration for 1440 min, 70 °C
temperature, and 200 rpm shaking speed at pH: 2 for maximum adsorption. Results
indicated that yam starch had 64.5 mg/g adsorption capacity for nickel. It followed
pseudo-second order equation and data fitted well in the Freundlich model. Column
studies were performed for large-scale applications. This was proved to be one of the
low-cost, efficient, easily available biomaterial, which was rich in cellulose, lignin,
and hemicelluloses [29].

Maximum adsorption capacities of different bioadsorbent for specific metals give
indication about their potentiality as an adsorbent. Still, work related to contact with
multi-metal solution systems, adsorption in continuous mode, desorption, and scale-
up studies need to be investigated before its commercialization. A generalized flow
sheet for the overall adsorption mechanism has been included in Fig. 2.

 Metal solution (1-1000 ppm) 

Adsorption 
Bioadsorbent 
(Neem leaf powder/ maize 
comb husk/ Datura fruit)

Filtration 

Loaded adsorbent

Raffinate (Metal 
depleted 

Elution

Filtration Raffinate (Metal 
enriched solution)

Regeneration 

Fig. 2 Generalized flow sheet for overall adsorption mechanism
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Conclusions

In the extension of finding new separation and purification techniques for metals,
bioadsorption is one of the indispensable techniques in metal recovery from effluent.
Reviewed bioadsorbents had shown high adsorption capacity, simple operation, easy
handling, cost-effectiveness, and abundance in nature. Bioadsorbents enlisted in this
paper give an overall idea about its potentiality for specific metal. The present review
concludes that

• Neem leaf powder is a good adsorbent for copper (Capacity: 185.8 mg/g) and
nickel (Capacity: 120.6 mg/g) metal from the aqueous solution.

• Maize comb husk as an adsorbent is found to be efficient for cadmium (Capacity:
493.7 mg/g), lead (Capacity: 456.7 mg/g), and zinc (Capacity: 495.9 mg/g) metal
adsorption from the effluent.

• Datura (Datura stramonium) fruit powder (Capacity: 138.07mg/g)was efficiently
used amongst all for chromium adsorption from wastewater.

This review offers wide perspectives on the use of various bioadsorbents, but that
are applied to a laboratory scale. Further research is essential to validate the results
and scale up to industrial wastewater treatment.
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Formation of Different Zinc Oxide
Crystal Morphologies Using Cellulose
as Nucleation Agent in the Waste
Valorization and Recycling of Zn-Ion
Batteries
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Kåre Tjus, Kerstin Forsberg, and Richard T. Olsson

Abstract The formation of zinc oxide particles of different hierarchical morpholo-
gies was investigated. By performing elemental analysis on samples extracted
from the supernatant solution during precipitations yielding two distinctly different
morphologies, the consumption of zinc ions was used to follow the liquid-to-solid
phase formation.While a rapidZn-ion consumptionwas synonymouswith the forma-
tion of predominantly oxygen terminated flower-shaped ZnO-particles, with half of
the zinc ions being precipitated during the first minute, less than 10% of the zinc
ions were converted to sea urchin-shaped ZnO-particles (with mixed terminations)
after 1 min of the reaction. The unique ZnO-particle morphologies may therefore be
related to the precipitation rates, which can be further explored as a tool for under-
standing how ZnO-particles with differently facetted surfaces form. Interestingly,
the different formation rates remained with identical patterns when 0.5 g/L cellu-
lose (0.005 wt%) was added to the reactions as nucleating agent for improved yields.
The controlled formation of specific functional ZnO-particle surfaces is an important
method for recycling inexpensive zinc waste from batteries to high value materials
useful in a variety of catalytic applications.
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Introduction

Metal oxide particles are a group ofmaterials that are attributedwith significant value
in research as well as in industrial applications. While inorganic materials such as tin
and indium oxide are seeing an increased use in photovoltaics, [1] titanium dioxide
and zinc oxide (ZnO) have been seen as a viable material choice in sunscreens
as well as novel energy storage systems of zinc ion batteries [2–4]. However, a
fundamental aspect when it comes to using these materials in high value applications
is related to taking advantage of the morphologies of the inorganic particles. Due to
the anisotropic behavior of the different crystal facets of ZnO-particles, shapes and
sizes have a significant impact on the properties of the materials, in particular when
it comes to properties useful in reactions or interactions taking place on the particle
surfaces [5, 6]. While empirically refined synthesis protocols to obtain specific metal
oxide-morphologies are common in the scientific literature [5, 7–10], studies focusing
on the particle formation rates (kinetics) as related to the development of the final
morphologies are scarce, and pinpointing the exact underlying mechanisms leading
to the formation of different morphologies is challenging. Experiments providing
insight into the reaction kinetics may contribute to an understanding of the formation
of specific ZnO-particle shapes and sizes, which in turn can be used to adjust the
reaction conditions and tune the morphologies during synthesis towards preferred
ZnO-particle shapes. This will allow for designing protocols that generate particle
shapes and surfaces in anisotropic ZnO-particles with a favorable reactive nature
(catalytic, optical, etc.) from inexpensive recycled zinc waste material, e.g. from
the emerging zinc battery industry [4, 11–13]. The use of tailormade facetted and
anisotropic ZnO-particles with optimized atomic surface compositions in sunscreens
may allow for either use of smaller amounts of ZnO content in the sunscreen, or better
performance for the same quantity of ZnO in terms of UV screening capability.
The catalytic activity of ZnO has also been shown to be strongly related to the
nature of the lattice terminations of the ZnO-particles, providing more than 100%
improved photocatalytic performance for oxygen terminated surfaces [4]. Overall,
the possibility to control the particle morphologies during the synthesis is relevant
for the applied use of the particles, and within recycling efforts since it may allow
for immediate waste valorization of readily abundant and inexpensive zinc, while
minimizing waste accumulation in landfills. ZnO photocatalytic particles presently
retail for $2000 per kg whereas the zinc metal as raw material is sold at $3 per kg,
demonstrating the economic value of developing efficient waste valorization streams
[14, 15].

In this study, the reaction progressions during the precipitations (de-
supersaturation) resulting in different ZnO-morphologies were investigated. The
conversion from zinc ions to ZnO-particles was studied for two reactions yielding
two different particle morphologies, flower- and sea urchin-shaped particles. These
morphologies are synonymous with specific surface properties and atomic represen-
tation in the outer layers of the particles, providing very different reactive nature
of the materials. The conversion of zinc ions to solid zinc oxide was monitored by
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following the zinc ions concentration in the solution used to precipitate the solid ZnO-
particles. The results revealed that the growth patterns (formation) were significantly
different for the two particle morphologies. The presence of 0.005 wt.% cellulose
nanofibers as a nucleating agent was also evaluated for the two reactions to establish
if the cellulose also had an impact on the growth patterns of the ZnO-particles.

Materials and Methods

Materials

Zinc nitrate hexahydrate (Zn(NO3)26H2O, 98%, Fischer Scientific), sodium
hydroxide (NaOH, > 98%, Sigma-Aldrich), sulfuric acid (H2SO4, 95–97%, Sigma-
Aldrich), and milliQ water (MQw, 18.2 M�, pH= 7) were used as obtained. Cellu-
lose nanofibers were extracted and isolated from ultra clean and highly crystalline
bacterial cellulose (BC) using sulphuric acid at 30% (aq) concentration. The BC was
purchased in the form of cubes with an approximate volume of 1 cm3 from Monstra
LLB (dba, Pacific Rim). The detailed protocol for the isolation of the fibers is avail-
able in Liu et al. 2015 and Hoogendoorn et al. 2022, although more environmentally
friendly protocols have also been reported by Rovera et al. 2018 [16–18].

Synthesis of Zinc Oxide Particles

Zinc oxide particles were prepared according to protocols previously developed by
Hoogendoorn et al. [17] 750ml of an aqueous 0.15M solution of zinc nitrate hexahy-
drate was prepared and mixed over night at room temperature before being heated in
a cylindrical plastic container under mechanical stirring to a temperature specified in
Table. 1 (40 or 60 °C). The synthesis was initiated by quickly (< 5 s) adding 250 ml
of an aqueous NaOH-solution (see Table 1; 3 or 4.5 M), heated to the same tempera-
ture as the zinc-salt solution. The concentration of zinc species in the mixed solution
was 0.1125 M. The reaction was allowed to progress for 1 h before being quenched
with 0.7 L of cold MQw. The reaction mixture was centrifuged 4 × 10 min with an
intermediate exchange of MQw between each cycle. For each ZnO-synthesis, 4 ml
aliquots were taken at 1, 15, 30, 45 and 60 min after the initiation of the reactions.
The aliquots were centrifuged for 2 min at 12 100 × g to concentrate and isolate
the solid phase. The supernatant containing the unreacted zinc ionic species was
immediately mixed with 10 ml of a 5 vol.% HNO3-solution. When performing the
ZnO-reactions in the presence of bacterial CNF, a volume of the CNF-dispersion
corresponding to 0.05 g of solid CNF was dispersed into the Zn-salt solution prior
to mixing it overnight.
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Table 1 Concentrations of
the NaOH-solutions (CNaOH),
and temperatures used for the
synthesis reactions yielding
flower-shaped or sea
urchin-shaped particles,
respectively.*

Sample specification CNaOH [M] T (°C)

ZnO-flowers 3 40

ZnO-sea urchins 4.5 60

*A Zn-salt concentration of 0.15 M (prior to adding the NaOH-
solution) was used in both reactions, resulting in a 0.1125 M
concentration after mixing. When incorporating CNF, a CNF-
concentration of 0.05 g/L after mixing was used

Characterization

Microscopy: Scanning electron microscopy (SEM) was performed on the ZnO-
particles using a Hitachi S-4800 field emission scanning electron microscope. The
dried sampleswere attached to the sample holder using carbon tape before being sput-
tered with a Pt/Pd-coating for 40 s. The acceleration voltage used for the imaging
was 5 kV and the emission current was 10 μA.

Crystallographic analysis:X-ray diffraction was performed on the samples using
a PANalytical X’Pert PROX-ray diffractometer. The measurements were performed
at a start and stop angle of 5 and 80 degrees, respectively, at 45 kV and 40 mA (using
a Cu Kα) as a source for X-ray generation. The measurements were performed at a
step size of 0.06 degrees at a wavelength of 0.154 nm.

Elemental analysis: Inductively coupled plasma-optical emission spectroscopy
(ICP-OES, Thermo Fisher iCAP 7400, USA) was performed on the supernatant
samples (where the solid phase had been removed). The supernatant was exposed
to nitric acid (see section regarding the synthesis of ZnO-particles) for maintaining
unreacted zinc ionic species in solution. The samples were diluted to concentrations
suitable for the ICP-OES measurements (< 100 mg/L) using 5 vol.% HNO3 (aq).

Results and Discussion

Development of ZnO-Particles with Time

Figure 1 shows the particles for the two different synthesis protocols. The micro-
graphs confirm that the conditions resulted in two morphologies with distinctively
different features. The reaction taking place at 40 °C at a lower alkalinity (see Table.
1) resulted in the formation of 3–4 μm spherical particles (referred to as flower-
shaped structures, Fig. 1a) consisting of a mix of significantly smaller sheet and
rod-like structures (Fig. 1c), whereas the reaction taking place at 60 °C and at a
higher alkalinity resulted in the formation of facetted rod-structures assembled into
3–4 μm sea urchin particles (Fig. 1b). These sea urchin-shaped particles had an
underlying structure dominated by 300–500 nm thick and clearly visible hexagonal
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rods (Fig. 1d). The XRD-measurements, seen in Fig. 2, confirmed that both reactions
resulted in the formation of the hexagonal Wurtzite structure associated with ZnO
(ICSD PDF 075–0576).

Fig. 1 Micrographs of flower-shaped (a, c) and sea urchin-shaped (b, d) particles. The consumption
of zinc ions during the formation of the particles was followed by sequential supernatant extractions
and ICP concentration measurements, allowing for determining that the flower-shaped particles (a,
c) grew into their final morphology significantly faster than the sea urchin-shaped particles (b, d)

Fig. 2 X-ray diffractograms of flower-shaped ZnO-particles (left) and sea urchin-shaped ZnO-
particles (right)
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Earlier research consists of an extensive record of studies investigating how the
conditions of ZnO-synthesis reactions can be altered to promote different morpholo-
gies. The studies have revealed that a high OH−/Zn2+-ratio promotes the forma-
tion of rod-like structures, while a lower OH−/Zn +-ratio shifts the reaction to
favor the formation of sheet-like morphologies [7, 10]. However, since the studies
mostly follow an empirical approach to determine the crucial conditions for reaching
certain morphologies at the end of the reactions, the underlying growth patterns and
formation rates for the different morphologies remain largely unknown.

Previously, Hoogendoorn et al. demonstrated that the formation of flower-like
structures, partially built up by sheets, is accompanied by higher yields as compared
to rod-based sea urchin-structures [17]. The yield values in this current study were
obtained by drying and weighing the products and revealed that the flower-shaped
particle was formed at an ultimate yield of 83%, whereas the sea urchin particles
showed a yield of 57%. However, whereas the extracted solid phase allowed for
following the phase formation and the morphological changes of the particles (how
the shapeof the particles developedover time), the overall progressionof the reactions
in terms of consumed and precipitated zinc ion species was challenging to establish
from the weighted samples. Therefore, instead of estimating the progression of the
reactions from morphological changes over time, and weighing the formed ZnO to
determine the amount of zinc ions that had been converted to solid phase, measuring
the concentration of Zn-ions remaining in the solution allowed for a more accurate
and quantitative analysis of the formation rates of ZnO, see Fig. 3.

Figure 3 shows the yield of ZnO as a function of time for the two reactions. The
yield was indirectly obtained from the ICP-data of the remaining Zn-ions in the solu-
tion as the solid phase formed. The graph confirms that the two morphologies stem
from growths’ having significantly different Zn-ion consumption rates during the
formation of the solid phases. The precipitation of the flower-shaped ZnO-particles

Fig. 3 Graph showing the
consumption of Zn-ions with
time for the synthesis
protocols resulting in
flower-shaped (black) and
sea urchin-shaped (red)
particles. Measurements
were made from the
supernatant of
un-precipitated zinc ions to
allow for accurate
monitoring of the reaction
progressions
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(Fig. 1a, c) was revealed to be initiated by a fast consumption of Zn-ions within the
first minute of the reaction, resulting in almost half of the Zn-ions, ca. 46%, being
consumedwithin 1min. After 15min, the total consumption reached 80% of the total
amount of zinc ions present at the start of the reaction. At this point, the consumption
of Zn-ions reached a plateau, leading to a total yield of solid phase stagnating at 87%,
according to the ICP-measurements. This consumption pattern was in contrast to the
sea urchin-shaped particles, which was characterized by a slow consumption during
the first minute of the reaction, with less than 10% being consumed (ca. 7.6%) at
the point when the system generating flower-shaped particles had consumed 46% of
the Zn-ions. The difference in initial consumption of Zn-ions within the first minute
corresponds to a difference of ca. 600% when comparing the amount of precipitated
ZnO for the flower-shaped and the sea urchin-shaped particles. The consumption
of ions for the sea urchin particles was thereafter more gradually being consumed
throughout the reaction, ending up at 58%yield after 60min. Further analysis showed
that the time to reach 50% absorption of the dissolved zinc ion species was at ca.
2min for the flower-shaped particles and ca. 40min for the sea urchins, indicating that
the former process was about 20 times faster than the latter. In sorption experiments
with flat samples, the diffusivity is proportional to the squared sample thickness
divided with the time to reach 50% sorption [19]. In analogy with those diffusion
calculations, it can be concluded that the faster consumption for the flower-shaped
particles was either due to thinner crystals with a higher specific surface area and/or
a higher chemical reaction rate. The specific surface area (SSA) at the full reaction
time (60 min) for the flower- and sea urchin-shaped particles was 5.45 m2/g and
1.98 m2/g, [17] respectively, although the SSA at any given time during the reaction
was unknown. The relatively small difference in SSA as compared to the marked
higher reaction rates associated with the underlying flat thinner crystals of the flower-
shaped particles suggests that the higher growth rate was still uniquely associated
with the formation of oxygen terminated sheets. The higher calculated yields for
both reactions, as compared to the established yields by weighing the precipitated
materials, were suggested to be caused by small mass losses during the purification
of the product (centrifugation and removal of counter ions).

Zinc Species Reaction Consumptions Rate Associated
with the Formation of Facetted Surfaces with Different
Theoretical Atomic Compositions

Figure 4 shows the atomic terminations associated with different four exposed lattice
planes for the ZnO crystals surfaces, which may form with the precipitations of
anisotropic ZnO Wurtzite (Fig. 4a, b).

The illustrated sheet-like morphologies associated with the flower-shaped parti-
cles were previously reported as oxygen rich in their outer terminating (21̄0) atomic
layers (Fig. 4a) [20]. This surface is not only oxygen rich in its nature but also highly
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Fig. 4 a and b Graphic illustrations of the formed ZnO planes associated with the formation of
flower-shaped and sea urchin-shaped particles containing facetted surfaces with different atomic
representation. Modelled lattice planes of the ZnO adopted from [20] c Zn (II) ions species existing
as Zn2 (aq), Zn(OH)+ (aq), Zn(OH)2 (aq), Zn(OH)3− (aq) and Zn(OH)4 2−(aq) over a range of pH
at 25 ºC, plot adopted from [21]

polar and very reactive (electrostatically unstable) and always stabilized by hydroxyl
groups [22]. In contrast, Fig. 4b shows the sides of the spiky rods contained in the
sea urchins (Fig. 1b and d), which are either polar as terminated by the Zn-ions in
its outer layers (100), or non-polar as mixed terminated ZnO represented by (11̄0)
or (010). The reactivities shown in Fig. 3 consequently are in agreement with a more
rapid consumption of Zn-ion species when the flower-shaped particles form by depo-
sition of zinc species on oxygen rich surfaces, whereas the rods form more slowly
when yielding surfaces that are less reactive as zinc terminated or mixed terminated
surfaces. Figure 4c shows the predominance diagram for the different zinc species
at pH > 13.5, where the typical fraction vs pH curve indicates the presence of highly
negatively charged Zn(OH)42– (aq) [21]. This suggests that the colloidal state of
the zinc species prior to precipitation, although indicated from the predominance
diagram as the same, generates completely different ZnO-morphologies forming at
significantly different reaction rates.

Cellulose as Nucleation Agent During the Initial Nucleation
and Progressing Growth of the Anisotropic ZnO Crystals

Figure 5 shows the results of carrying out the same reactions with the only difference
that 0.005 wt.% crystalline cellulose nanofibers were added to the zinc ion solution.

The consumption rates of zinc ions during the reactions were only shifted upwards
(increased, see Fig. 5)with the addition of cellulose. This indicated that the adsorption
and condensation reactionmechanisms in the solid phase formations of the ZnOwere
proceeding in a similar fashion when cellulose was not present, compare Fig. 3. The
micrographs in Fig. 5c, d show the sea urchin particles synthesized in the presence
of CNF, which was the system that was most affected by the presence of CNF, i.e.
in terms of zinc ion consumption rate. The major differences concerned the size of
the particles (see Fig. 5c, d), which decreased by ca. 50%, [17] which was related to
a larger number of nuclei forming [17].
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Fig. 5 Shows the effect of 0.005 wt.% crystalline cellulose on the formation patterns and yield
values for the synthesis of a flower-shaped and b sea urchin-shaped ZnO. Red spherical dots
represent the cellulose containing reactions, whereas the black squares are the same reactions as
presented in Fig. 3 where no cellulose was present. The micrographs show the appearance of the sea
urchin-shaped particles synthesized without (c) the presence of CNF and in the presence of 0.005
wt.% CNF (d), after thermal treatment at 400 °C

Conclusion

This study shows that:

• Sequential measurements of the zinc ion concentration during the precipitation
of ZnO-particles is a useful method for accurately following the consumption
rates of zinc ionic species as related to the development of different ZnO-particle
morphologies.

• ZnO-particles were prepared from two previously reported protocols, resulting
in predominantly oxygen terminated flower-shaped particles built up by a mix of
sheets and rods, or mixed zinc and oxygen terminated sea urchin-shaped particles
built up by rods. However, although both reactions were carried out at conditions
with a dominant presence of Zn(OH)42− (aq) ion species (according to predom-
inance diagrams, Fig. 4c), the formation of the two ZnO-morphologies followed
significantly different patterns in consumption of zinc ions during the reactions
(Fig. 3).

• The flower-shaped particles with more polar oxygen-terminations formed much
faster compared to sea urchin-shaped particles built up by facetted rod-structures
with higher presence of zinc.

• The Zn-ion consumption profiles were the same when 0.005 wt.% cellulose was
added as a nucleation agent, although the amounts of consumed Zn-ions during
the precipitation increased.

• The observations show that cellulose can be used as an effective an inexpensive
additive to enhance the nucleation and yields of the ZnO precipitations reactions.

The aqueous precipitation of ZnO in alkaline conditions is one of the most
common ways to consolidate zinc ions into a solid form. However, the amount of
precipitated ZnO and the morphology of the formed particles has in this work been
shown to be heavily affected by subtle changes in the reaction conditions. The ability
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to control shapes and sizes of inorganic particles during metal recycling is partic-
ularly important since it allows for tuning the properties of the recycled inorganic
material in ways that makes it more more suitable towards specific applications. The
knowledge of the prerequisites for specific morphologies thereby allows for an up-
conversion (waste valorization) of the recycled metal where the zinc may find use in
novel high end value materials, e.g. photocatalytic materials [5].
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KTH (WWSC), and the Knut and Alice Wallenberg foundation is acknowledged for their financial
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Production of Micro-sized Metallic
Tungsten Particles from Natural
Wolframite and Scheelite via Sulfide
Chemistry

Charles Boury, Sierra R. Green, and Antoine Allanore

Abstract The development of sulfide-based chemistry and physical separation has
opened theway for new industrial productionmethods.Anew route for the production
of micron sized metallic tungsten particles from natural wolframite (Fe, Mn)WO4

and scheelite CaWO4 is presented. Sulfidation of mineral concentrates allows for the
breaking of the tungstate crystal structure into a mix of sulfides containing tungsten
disulfide WS2. The thermal instability of WS2 at high temperature allows for its
selective thermal reduction to metallic tungsten particles under inert atmosphere.

Keywords Tungsten · Sulfides chemistry · Metal

Introduction

Tungsten has a set of unique properties among metals, such as a high melting point,
low vapor pressure, high density, and mechanical resistance. It has specific applica-
tions in spatial,military, and heavy-duty industrial domainswhere the use of tungsten,
in a metallic or carbide form, is irreplaceable. In 2020, the world mines production
was around 84,000 metric tons of tungsten content, with more than 80% extracted
in China [1]. Tungsten mines are usually of small size due to its dispersed concen-
tration and low concentration in the ore [2]. Wolframite (Fe, Mn)WO4 and scheelite
CaWO4 are the main ores processed for tungsten production. After ore beneficia-
tion, low purity sodium tungstate is produced by hydrometallurgy. Then a solid or
liquid ion exchange process is applied to remove most of the impurities. Ammonium
paratungstate (APT) is then formed by addition of ammonium-based solutions. The
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pyrolysis of APT has for main product tungsten trioxide WO3. Lastly, metallic tung-
sten particles are obtained by hydrogen reduction. The obtained tungsten powder is
used for powdermetallurgy, metal injectionmolding, or other types of processes. The
high temperature and pressure required in the powder metallurgy allows to further
refine the tungsten. More information can be found in the work by Trasorras et al.
[2] and Lassner et al. [3].

Sulfide chemistry presents a major opportunity in terms of ore treatment, refining
and recycling. Demonstrations of its applications already cover a diverse range of
chemistries and applications, from iron and copper production [4] to batteries recy-
cling [5] and rare earth separation [6]. Amhad et al. demonstrated the application
of selective sulfidation for chromite removal from ilmenite concentrates [7]. Yong
et al. managed to treat low grade lead-zinc oxide with elemental sulfur for flotation
separation [8]. Zhang et al. used the sulfide chemistry and HCl leaching to retrieve
zinc from zinc-rich neutralization sludge [9]. Zinc was also selectively sulfidized in
lead smelter slag by Zheng et al. [10, 11] and Han et al. [12].

A new route to produce tungsten metallic particles is presented herein. The initial
materials are natural minerals of wolframite and scheelite. No chemical pretreatment
was applied to remove impurities. The sulfidation of both tungstate crystal structures
allowed for the formation of WS2 among other sulfides and remaining oxides. The
sulfidation ofwolframite showed a higher yield than the sulfidation of scheelite for the
same experimental parameters. The thermodynamic of thermal reduction of tungsten
sulfide to tungsten is presented as function of the partial pressure of sulfur and the
temperature. Experimental results demonstrate the ease of the thermal reduction
process and its high purity outcome. The obtention of W particles embedded in a
mix of sulfides and oxides is the result. The physical separation post reduction was
not attempted.

Experimental

Natural mineral samples are processed herein. The natural wolframite (139g) is from
the Hunan Province, China, while the natural scheelite (151g) is from Guttannen,
Switzerland. Both samples have been ground and sorted to 230 mesh (63 µm
maximum particle size) using an agate mortar and pestle and a stainless-steel sieve.
Both rocks demonstrated relatively high purity. The detailed composition of the
natural rocks is presented in Table 1. Wolframite is primarily composed of tungsten,
manganese, iron, and oxygen. Scheelite is primarily composed of tungsten, calcium,
and oxygen. Impurities are present but always at a content lower than 0.5 wt%.
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Sulfidation

The sulfidation mechanism consists in breaking the tungstate structure into a mix
of sulfides. The sulfidation reactions of wolframite and scheelite are presented in
Reactions 1 and 2.

(Fe,Mn)WO4(s) + 5

2
S2(g) → WS2(s) + (Fe,Mn)S(s) + 2SO2(g) (1)

CaWO4(s) + 5

2
S2(g) → WS2(s) + CaS(s) + 2SO2(g) (2)

The sulfidation furnace used is similar in design to the one described in Stinn et al.
[6]. EDM grade graphite trays (Graphite Store, Northbrook, IL 60062, USA) were
custom-made. After machining, the crucibles were sonicated in acetone and dried in
a vacuum oven for several hours. 100 g of sulfur powder (99.5 % sublimed, Acros
organics, CAS 7704-34-9) were melted and cooled down in a quartz crucible, then
loaded at the bottom of the furnace. Experiments were conducted under 400 sccm of
ultra-high purity argon flow (UHP Ar, less than 10 ppm O2, AirGas). The reduction
steps to form metallic tungsten particles were conducted on two sulfidized samples.
The first one is denominated sulfidized wolframite with highest conversion yield,
the second one sulfidized scheelite with highest conversion yield. The sulfidized
wolframite has been obtained after 2 h at 1400 °C in a graphite crucible loaded in
an alumina tube. The initial powder size was below 230 mesh, and the bed thickness
was around 1 cm. For scheelite, two sulfide samples have been produced for analysis.
One has been sulfidized once in the same conditions as wolframite above. The other
sample has been sulfidized twice in the same conditions. Between the two sulfidation
steps, the powder was re-crushed at 230 mesh in a glove box. The product from
the second sulfidation step of scheelite is designated as the scheelite with highest
conversion yield.

Thermodynamic Framework

The powders obtained after sulfidation contained a high concentration of tungsten
sulfide, calcium sulfide, iron sulfide, and manganese sulfide. The Reactions 3, 4, 5,
and 6 represent the general thermal decomposition reactions of the pure sulfides to
metal and elemental sulfur as investigated herein. All thermodynamic data have been
obtained via FactSage 8.0 using the FactPS database (FactSage TM).

WS2(s) → W(s) + S2(g) (3)

2CaS(s) → 2Ca(s),(g) + S2(g) (4)
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2FeS(s),(l) → 2Fe(s),(l) + S2(g) (5)

2MnS(s),(l) → 2Mn(s),(l) + S2(g) (6)

Figure 1 represents an Ellingham-like diagram for the Reactions 3, 4, 5, and 6 per
mole of S2 for different total or partial pressure of sulfur, considering the activities
of solid, liquids, and gaseous calcium as unity and taking into account the reported
phase transitions.

The diagram shows the anticipated strong effect of the partial pressure of sulfur
depending on the temperature range, helping to define the most suitable process
conditions for selective production of W. CaS and MnS (Reactions 4 and 6) demon-
strate high stability even under very low partial pressure of sulfur. For both WS2 and
FeS (Reactions 3 and 5), their decomposition temperature can be close to 1000 °C
for a very low partial pressure of sulfur (10−6 bar). However, the thermal reduction
selectivity range is increasing with the increase of partial pressure of sulfur. At a
sulfur partial pressure of 10−2 bar, pure WS2 is expected to thermally decomposes
into W and S2 at 1475 °C while FeS is stable up to 1975 °C.

Fig. 1 Ellingham-like diagram for the Reactions 3, 4, 5, and 6 per mole of S2 as a function of the
total pressure of sulfur, considering the activities of solid, liquids and other gas as unity
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Metallic Tungsten Production

A container-less thermal imaging furnace (High Temperature Xenon Lamp furnace,
Model TX-12000-I) was employed to produce metallic tungsten. Samples were
prepared in a similar fashion as the one presented in previous work [12]. The
sulfidized sample powders were compacted as rods of about 0.25 in. in diameter.
Each rod was held in the center of the furnace. The furnace tube was evacuated to a
pressure of 10−3 atm and re-purged with UHP argon three times, then 200 sccm of
argon were flowed continuously. The hot zone of the furnace is around 1 cm3 and the
thermal gradient can reach several hundreds of degrees per centimeter. The sample
could rotate at a speed of 6 rpm during a defined amount of time. The temperature
could not be monitored due to the solid form of the sample. The oxygen concentra-
tion in the furnace, bellow 9 ppm, was monitored by an oxygen analyzer (Advanced
Micro Instruments, Model 2001RS/RSP). Samples of respectively 5 and 3 grams of
sulfidized wolframite and scheelite with highest conversion yield were used for the
experiments.

Physicochemical Analysis

The natural wolframite, natural scheelite, and their sulfides with highest conversion
yield have been analyzed by Induction Coupled Plasma—Atomic Emission Spec-
troscopy (ICP-AES, Applied Technical Services, 1049 Triad Court, Marietta, GA
30062), LECO combustion (Applied Technical Services, 1049 Triad Court, Mari-
etta, GA 30062) and X-Ray Diffraction (XRD, PANalytical X’Pert Pro XRPD, MIT
MRL facilities, MA, 02139). Samples containing metallic tungsten were analyzed
by X-Ray Diffraction and elemental analysis was conducted with a scanning elec-
tron microscope (SEM, JEOL JSM 7900F Schottky FE-SEM, JEOL) equipped with
Energy Dispersive Spectroscopy (EDS, Oxford Ultim Max EDS Detector; Oxford
Instruments) and Wavelength Dispersive Spectroscopy microprobes (WDS, Oxford
Wave WDS detector, Oxford Instruments). The samples have been polished to 0.25
µmwith kerosene (SigmaAldrich, reagent grade, lowodor,CASnumber 8008-20-6).

Results

Sulfidation Results

Table 1 presents the composition of the natural wolframite, the natural scheelite,
the sulfidized wolframite, the single sulfidized scheelite, and the doubly-sulfidized
scheelitewith highest conversion yield obtained by ICP-AES andLECO.The amount
of oxygen left in the doubly-sulfidized scheelite is 3.426wt%, compared to 0.133wt%
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for the sulfidizedwolframite. Among the other elements analyzed, the carbon content
increases only slightly (0.018–0.078 wt% for wolframite and 0.015–0.051 wt% for
scheelite). The graphite crucibles may contain small carbon powder ending up in the
resulting sulfides mix. Tin is absent from the sulfidized wolframite, likely because it
is expected to form tin sulfide SnS which boils at 1274 °C under one atmosphere of
sulfur (FactPS, FactSage TM). The reliability of the ICP-AES results is questionable
because of the difficulty of dissolving the tungstate minerals in hydrofluoric acid.
Therefore, we do not consider variation of W, Fe, Mn, and Ca content from natural
minerals to their respective sulfides quantitatively using this analytical method.

Sulfidation Effects on the Tungstate Crystal Structure

Figure 2a–e are the XRD results of the natural wolframite, sulfidized wolframite,
natural scheelite, sulfidized scheelite, and doubly-sulfidized scheelite, respectively.
The sulfidized wolframite sample, in Fig. 2b, contains a mixture of WS2 and a solid
solution of FeS and MnS. The initial wolframite crystal structure as observed in
Fig. 2a is not present anymore, indicating the complete sulfidation of the wolframite
sample. The residual oxygen noted inTable 1 is therefore diluted in themix of sulfides
since no oxides are observed by XRD or EDS. The sulfidation of scheelite is found
to be incomplete. From Fig. 2c–e, it can be noticed that the initial calcium tungstate
crystal structure is still found by XRD after the first (Fig. 2d) and second sulfidations
(Fig. 2e). The two new sulfide phases found post sulfidation are WS2 and CaS.

Metallic Tungsten Production

Figure 3a, b is example of a compacted sulfidized wolframite rod at the beginning
and at the end of the thermal treatment inside the thermal imaging furnace. During
the experiment with the sulfidized wolframite, a large amount of gas left the rod, and
the sample was found to shrink with time. A shinny crust formed on the outside of
the sample. After almost an hour at temperature, the experiment was stopped. A part
of the recovered sample was crushed for XRD analysis, while another uncrushed
part was casted in epoxy for SEM and EDS/WDS detailed analysis. The experiment
on the doubly-sulfidized scheelite generated a lower amount of gas. Once the crust
was formed on the outside, no more off-gas was visible.

Figure 4a, b shows the XRD pattern of the samples after their thermal decompo-
sition. Metallic tungsten peaks are present for the wolframite samples, though the
conversion to metal did not reach completion as revealed by the presence of peaks
attributed toWS2. The solid solution ofmanganese and iron sulfidewas not thermally
decomposed. For the scheelite sample, themetallic tungsten pattern is visible but only
to a small extent, suggesting a very limited advancement of the thermal decomposi-
tion. The CaS and CaWO4 patterns are also still visible post thermal reduction. For
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Fig. 2 XRD scans of a the natural wolframite, b sulfidized wolframite, c natural scheelite, d
sulfidized scheelite, and e doubly-sulfidized scheelite. The counts axes are scaled for clarity and
not at the highest peak of the scans

both wolframite and scheelite, the FeS/MnS solid solution, CaS, and CaWO4 XRD
patterns are unchanged post thermal reduction experiment.

Figure 4c, d is SEM image of the tungsten particles remaining in the samples from
the reduction experiments of sulfidized wolframite and scheelite, respectively. In
Fig. 4c, the light particles are the metallic tungsten particles, while the darker phase
is a mix of tungsten sulfide and the solid solution of manganese and iron sulfide.
For Fig. 4d, the light particles are metallic tungsten, the dark phase is the calcium
sulfide, and the gray phase is a mix of calcium tungstate and tungsten sulfide. Table 2
presents the average concentration of the tungsten particles analyzed by EDS/WDS.
The highest contaminant post reduction is the oxygen. Other elements are below 0.5
wt% on average.
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Fig. 3 Pictures of compacted sulfidized wolframite rod at a the beginning and at b the end of the
thermal treatment inside the thermal imaging furnace

Fig. 4 XRD scans of the a sulfidized wolframite and b doubly-sulfidized scheelite after their
thermal treatment in the thermal imaging furnace. SEM images of the tungsten particles remaining
in the samples from the c sulfidized wolframite and d doubly-sulfidized scheelite
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Table 2 Average composition of the analyzed metallic tungsten particles, values are in wt% and
obtained via WDS except for O which values are obtained via EDS

Sample type W Fe Mn Ca S O

W from sulfidized wolframite 97.5011 0.2511 0.0004 – 0.2289 2.0185

W from doubly-sulfidized scheelite 97.6002 – – 0.3022 0.3789 1.7188

Conclusion and Future Work

The sulfidation of wolframite and scheelite formed a mix of sulfides containing
WS2. The tungsten sulfide selective reduction allowed for metallic tungsten particles
production. However, muchwork is required to better understand this process. On the
sulfidation step, limitations on the sulfidation of scheelite are observed, and oxygen
is still present in both sulfidized powders with highest sulfidation yield, even to a
low extent for wolframite. We note that the tungstate compound (WO4)2− exhibits a
6+ tungsten valence while WS2 involves a 4+ tungsten valence. Sulfide compounds
may offer a unique method to alter cation valences vis-à-vis the other chalcogens.
The actual experimental set-up for thermal reduction does not allow measurement
of either the temperature or the partial pressure of sulfur. The determination of one
or both parameters is required to be compared to the thermodynamic study. Oxygen
contamination of the tungsten particles could be removed by hydrogen reduction
following the current industrial process [2]. Physical separation and recovery of the
particles by froth floatation is a possibility. Interesting results for the recovery of
particles sized up to only few microns have been published [13, 14]. Other possible
physical separation techniques can consist in sieving, centrifugal gravimetry [15],
electromagnetic [16], or electrostatic separation.
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Abstract The increasing demand for pure barite as a precursor in oil and gas drilling
mud cannot be over-emphasized. Despite the abundance of thismineral in Nigeria, its
exploration has been facing neglect because of the lower quality that could not meet
the American Petroleum Institute (API) standards. Consequently, the treatment of a
Nassarawa State barite mineral through acidic and alkaline leaching techniques was
purified using a Denver flotation cell at pH 9. At optimal conditions, a leaching effi-
ciency of 87.6% was achieved. In addition, the specific gravity of the purified barite
product (BaSO4: 96-900-4486,melting point = 1465 °C) gave 4.42 g/cm3 close to the
API standard of 4.48 g/cm3. The product as characterized is therefore recommended
for use as local drilling mud in the oil and gas industries to sustain the continuous
operation in industries, thereby supporting human and capital development ofNigeria
among others.
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Introduction

Nigeria, a developing country, is one of the most abundant endowed countries across
the globe richly blessedwith varieties ofmineral resourceswhich are presently under-
utilized. Thus, the importation of these mineral ores has become a major setback,
especially in the Nigerian manufacturing sectors resulting in a rise in the cost of
production among others. As the global oil and gas rig-wells appreciably rise, the
continuous demand for pure barite and barium compounds of industrial grade cannot
be over-emphasized. Due to the depletion of high-grade barite ores, the processing
of low-grade ores to meet the industrial grade has been necessitated, not only to meet
the demand, but also from environmental perspectives [1]. For example, about 85%
of global barite produced is consumed in oil and gas industries as drilling mud due
to its high specific gravity, inertness, and low solubility [2, 3]. Other industrial uses
of barite are in rubber, paints, enamels, filler, wallpapers, leaded glass, and ceramic
applications.However, drillingmudhas a lot of distinct properties including cleaning,
cooling, and lubricating [4, 5]. Some of the associated gangues with barite and its
varieties include iron oxides, quartz, and carbonates, among others, are responsible
for its diverse colouration such as tinted yellow, brown, grey, red green, and blue.
The aforementioned gangues can be major sources of different drilling drawbacks
such as hole invasion, specific gravity variation, etc. [6, 7]. Therefore, processing of
the barite minerals by removing most of the associated matrixes becomes paramount
to boost its quality and obtain a product acceptable for industrial utilizations.

The conventional purification routes of barite ore depend on the features of barite
and matrixes. For instance, the magnetic separation is often employed if iron is
the most dominant gangue present in the mineral [8]. Gravity separation including
jigging, tabling, and spiral concentration is utilized for coarse ores with a higher
specific gravity between barite and impurities phases [9]. However, flotation could
be performed for enrichment when the barite is evolved in finely coarse fractions [10,
11]. Consequently, a lot of researchers have developed promising beneficiation routes
including floatation, jigging, and magnetic separation, among others but have not
been able to obtain the acceptable-cum-reliable grade as the aforementioned routes
utilized are of high cost, complex, and as well gave rise to environmental pollution
[12]. Thus, purification of barite ore in meeting the criteria for relevant industries
most especially in oil and gas has been the focus of many researchers using the
combinations of hydrometallurgical-cum-flotation processes which are assumed to
be feasible, less toxic, and low-energy design [13, 14]. Therefore, the beneficiation
of an indigenous barite ore for use as weighting agents in the oil and gas industries
has been investigated in this study.
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Materials and Method

Material

The barite ore used for this study was sourced from Azara (8° 32 20.22′′ N, 7° 42
29.56′′ E), Awe Local Government Area of Nassarawa State, Nigeria. The comminu-
tion of barite sample was carried out using a jaw crusher and roll crusher model
PE-150 * 7500 and and 2 PG 400 * 400 respectively. Size reduction was further
pulverized with Yam 1100 Q4 model.

Leaching Test

Dissolution experiments were executed in a 500 ml glass reactor furnished with
a magnetic stirrer. A freshly prepared solution of 100 ml of HCl was agitated at
400 r/min when the temperature reached 55 °C. Further, a 1.0 g of barite ore was
introduced and monitored at a different time interval (5–120 min). Subsequently,
the fraction of barite dissolved (X) at different concentrations was recorded. The
concentration which gave the highest percentage of dissolution was afterward used
for the optimization of other parameters such as reaction temperature and particle
size variation. The activation energy was evaluated from the Arrhenius plot, and
the unleached product at optimal conditions was analyzed by XRD and SEM/EDX
[15, 16].

Flotation Test

A 2-L Denver mechanically agitated flotation machine was employed for the froth
flotation experiment. About 250 g of the pulverized barite sample with particle size
−140+ 63 µmwas made to slurry using ceramic ball milling; pH was adjusted with
NaOH and HCl. The system was running under the following conditions: 0.05 g of
an acidified water glass as a depressant, pH 9, 0 0.2 cm3 pine oil as a collector, and
impeller speed of 150 rpm at 30 s, with a conditioning time of 10 min and a flota-
tion period of 5 min. The floated (overflow) and tailing (underflow) particles were
collected, filtered, and dried in an oven at 120 °C for 2 h [8, 11]. At optimal condi-
tions, the concentration of pure barite (BaSO4) produced and other minor associated
impurities were analyzed using SEM/EDX and XRD for material purity tests.
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Fig. 1 SEM micrograph of
raw barite ore

Results and Discussion

Ore Characterization

The chemical analysis of the raw barite sample analyzed by EDXRF gave: 64.48
wt% BaO, 33.30 wt% SO3, 1.44 wt% SrO, 0.24 wt% SiO2, 0.03 wt% Fe2O3, and
0.045 wt% CuO. The XRD results affirmed that the barite mineral under investiga-
tion contained barite (BaSO4: 96-900-4486),witherite (Ba2C2O6: 96-900-6848), and
calcite (CaCO3: 96-900-7287) as the dominant phases. However, the SEM micro-
graphof the rawbaritewas characterizedby rough surfaces cum agglomerate particles
associated with the ore body as summarized in Fig. 1.

Leaching Test

The leaching tests affirmed that the barite ore upgrade in hydrochloric acid
and sodium hydroxide solutions appreciably increases with increasing leachant
concentration, reaction temperature, and decreasing particle fraction as summarized:

(i) Influence of leachants concentration: HCl and NaOH concentrations varied
between 0.1–2.5mol/L at 50 °Cwithin 5–120min using the ore smallest particle
size (−63µm). Increasing the leachants concentration appreciably increases the
ore upgrade up to 2.5 mol/L. Here, about 54.2% and 51.37% of the ore reacted
within 120 min for HCl and NaOH leachants, respectively.

(ii) Influence of reaction temperature: The influence of reaction temperature on
the extent of ore upgrade was performed from 27–75 °C while keeping other
parameters constant. Thus, increasing the reaction temperature from 27–70 °C
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Table 1 Established properties of the produced BaSO4 at optimal conditions

Parameters HCl NaOH Flotation API

Density (g/cm3) 4.42 3.89 4.38 4.48

Viscosity (cp) 5.8 4.7 5.6 6.0

Melting point (°C) 1465 1398 1545 1580

appreciably increases the degree of ore dissolution yielding 87.6 and 79.5% for
HCl and NaOH leachants, respectively, at optimal conditions.

Purification Test

At optimal conditions, the following data (Table 1) summarized the supporting prop-
erties of the prepared pure barite (BaSO4: 96-900-4486) in acidic, alkali, and flotation
media as compared to the API standards [17].

Conclusion

Barite, a vital industrial mineral finds a wide array of utilizations most especially
as a weighting agent in the drilling mud (specific gravity 4.42 g/cm3). In this study,
the purification of Azara (Nigeria) barite ore is eco-feasible and could by far place
the nation among the global barite producers. Thus, the leaching and flotation routes
were considered for enriching the indigenous barite ore for industrial value addition.
At optimal conditions, the possibility of preparing high-grade barite (BaSO4: 96-
900-4486; melting point = 1465 °C, density = 4.42 g/cm3) for use as a drillant in
the oil and gas industries has been established in this study.
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Pyrolysis of Waste Printed Circuit
Boards: Optimization Using Response
Surface Methodology
and Characterization of Solid Product

Kurniawan Kurniawan, Sookyung Kim, and Jae-chun Lee

Abstract Recovery of precious and valuable metals fromWPCBs faces challenges
due to heterogeneous mixture of organic substrates and metal sheets. Pyrolysis is
a promising and effective method for easing the separation of metals and organic
substrates in WPCBs by transforming the organic substrates into high calorific prod-
ucts of oil and gases. In this study, the pyrolysis of WPCBs has been examined
while investigating the effect of parameters, such as temperature, heating rate, and
N2 flow rate. The pyrolysis process was optimized using response surface method-
ology with a central composite design (CCD). The results showed that a quadratic
model explained adequately the nonlinear behavior of the modeled response with
an R2 value of 0.98, showing that the model was adequately adjusted to the experi-
mental data. The effect of each parameter and their interaction were discussed, and a
variety of methodologies (metal analysis by ICP, XRD, SEM, and FTIR) were used
to characterize the solid pyrolized WPCBs.

Keywords WPCBs · Recycling · Pyrolysis · Characterization · Response surface
methodology

Introduction

Electrical and electronic equipment has a shorter lifespan as a result of rapid tech-
nological progress and innovation, increased performance demands, and constant
upgrades to related features. As a consequence, an enormous amount of electronic
waste (e-waste) is produced. According to the “Global e-waste monitor 2020” report,
53.6 million metric tonnes of e-waste were produced globally in 2019, posing a
significant concern for solid waste disposal and the emission of harmful chemicals
from such wastes. Waste printed circuit boards (WPCBs) are one of the primary
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components of e-waste, comprising 3–6 wt% of all e-waste generated [1]. WPCBs
consist of a mixture of polymers (~40 wt%), glass and ceramics (~30%), and metals
(~30 wt%), of which metals contained in WPCBs include base (e.g., Cu, Pb, Sn,
Al, Fe) and precious metals (Au, Ag, Pt, Pd, etc.). These metals are significantly
more concentrated in WPCBs than in their respective primary deposits. Therefore,
there is significant potential in converting WPCBs into a metal resource. This can
consequently result in economic and environmental benefits if effectively used.

WPCBs can be recycled utilizing a variety of techniques, including thermal,
aqueous, and their combination [2]. Among these methods, the aqueous process
by leaching is often preferred due to its simples control and environmentally benign
methodology, coupled with themerits of lower capital cost, higher separation degree,
total recyclability, and higher metal recovery rates. However, a pretreatment is neces-
sary for liberating metals from chelated organic substrate before leaching process.
The process ofmetal liberation has been accomplished by eithermechano-physical or
thermochemical methods [3]. The mechano-physical method combines disassembly,
shredding, and size reduction, followed by a variety of physical separation tech-
niques. However, the total flow process is complicated, energy- and time extensive,
and frequently results in the loss of valuable metals. In addition, very fine particles
are required to obtain an effectivemetal liberation degree. On the other hand, thermo-
chemical method via pyrolysis has been regarded as the most promising method for
liberatingmetals contained inWPCBs by transforming the organic substrate into high
calorific value products such as oil and gas, thereby making subsequent processes for
metal recycling simpler and more efficient [4]. In addition, the pyrolysis process has
the benefits of no loss of important metals, decreased emissions, immobilization of
heavy metals, a high degree of energy conversion, particularly the ability to recover
energy, and rapid reaction kinetics.

Extensive research has been conducted on the pyrolysis of WPCBs, but the
majority of studies only addressed the characterization of oil and gas products,
bromine distribution, and pyrolysis kinetics, and frequently viewed pyrolysis as
part of the procedures for treating non-metallic fraction (NMF) from WPCBs rather
than as part of the metal recycling flow process [5–7]. Most of these research also
employed a small amount of ground and single-typematerial in a small-scale furnace
to gain the fundamental information and theoretical foundation for the pyrolysis
stage. Hence, the objective of this study is to appropriately evaluate the pyrolysis of
WPCBs under conditions comparable to those encountered in actual practice. The
effect of key parameters, including temperature, heating rate, and N2 flow rate on
weight loss of WPCB sample was investigated using response surface methodology
with a central composite design (CCD). In order to explain the pyrolysis result, solid
char pyrolyzed WPCBs were analyzed using a variety of techniques, including wet
analysis for metal concentration, proximate analysis, XRD, SEM–EDS, and FTIR.
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Experimental

Experimental Procedure

Unpopulated WPCBs (electronic components, such as capacitors and metal blocks
were first removed) with particle size +9.50 mm (after crushing) from a range
of waste boards were used in the experiments. The pyrolysis experiments were
performed by charging 20 g of WPCBs in a tubular furnace. Then, N2 gas at a
predetermined flow was passed into the furnace for 15 min to remove the oxygen
inside the furnace. TheWPCBswere then heated to a desired temperature at a certain
heating rate and N2 flow rate, and 10 min holding time at the final temperature. Once
cooled, the solid char wasweighed, and theweight loss was determined using Eq. (1).
All the experimental runs were repeated in triplicates.

Weight loss(%) = Weight of char(g)

Weight of initial sample(g)
× 100% (1)

Response Surface Methodology

The parameters (temperature, heating rate, and N2 flow rate) that influence the
pyrolysis of WPCBs were investigated using a standard RSM based on central
composite design (CCD). All parameters were utilized up to three levels, which
are high (+1), center (0), and low (−1). The number of experiments was calculated
as: N = 2n +2n+nc, where n is the factor number and nc is the repeated number of
the center point. This study utilized temperatures of 400, 500, 600 °C; heating rates
of 10, 20, 30 °C/min, and N2 flow rates of 0.1, 0.3, 0.5 L/min, and the weight loss as
the response value. There were a total of 20 experiments (14 unique runs and 6 center
runs). Table 1 displays the complete design matrices of the conducted experiments as
well as the weight loss during the experiments. The results were analyzed by using
analysis of variance (ANOVA). Model terms were rejected or selected based on the
p-values obtained with 95% confidence level.

Characterization

WPCBs samples before and after pyrolysis were subjected to a series of character-
ization procedures. The metal compositions were determined by acid digestion and
quantified using an inductively coupled plasma-optical emission spectroscopy (ICP-
OES; iCAP6000 series, Thermo Scientific, USA). Proximate analysis was conducted
using a thermogravimetric analyzer (TGA 701, Leco, Korea). Ultimate analysis was
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Table 1 Design and results of experiments

Observation Std. order Temperature
(ºC)

Heating rate
(ºC/min)

N2 flow rate
(L/min)

Weight loss (%)

1 16 500 20 0.3 25.73

2 5 400 10 0.5 21.58

3 15 500 20 0.3 25.96

4 4 600 30 0.1 27.43

5 10 600 20 0.3 26.88

6 18 500 20 0.3 25.68

7 20 500 20 0.3 25.63

8 14 500 20 0.5 26.23

9 3 400 30 0.1 23.05

10 1 400 10 0.1 21.58

11 11 500 10 0.3 24.11

12 19 500 20 0.3 25.49

13 13 500 20 0.1 24.71

14 9 400 20 0.3 22.15

15 2 600 10 0.1 26.52

16 6 600 10 0.5 26.91

17 12 500 30 0.3 26.51

18 7 400 30 0.5 23.21

19 17 500 20 0.3 25.81

20 8 600 30 0.5 28.40

performed by a CS elements analyzer (CS230, Leco, Korea). The calorific values
of the solid samples were determined by a calorimeter (AC500, Leco, Korea). The
mineralogical compositions, micro-morphology, and chemical functional groups of
the two samples were analyzed by X-ray diffraction (XRD, D/MAX 2200, Rigaku
Corp., Japan), scanning electron microscopy (SEM, Hitachi s4800, Hitachi, Japan),
and Fourier transform infra-red spectroscopy (FTIR, Nicolet iS5, Thermo Scientific,
USA), respectively.

Results and Discussion

Statistical Analysis of Pyrolysis Model

The statistical parameters derived from ANOVA for the developed regression model
are presented in Table 2. The statistical significance of the designed experiments
was established at a confidence level of 95%. According to the ANOVA, the model
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Table 2 Analysis of variance for the regression equation

Source DF Seq SS Adj SS Adj MS F p

Regression 9 71.2586 71.2589 7.9177 51.56 0.000

Linear 3 67.5730 67.5730 22.5243 146.67 0.000

Temperature 1 60.3587 60.3857 60.3857 393.22 0.000

Heating rate 1 6.2535 6.2535 6.2535 40.72 0.000

N2 flow rate 1 0.9337 0.9337 0.9337 6.08 0.033

Square 3 3.3780 3.3780 1.1260 7.33 0.007

Temperature * temperature 1 3.3459 1.9868 1.9868 12.94 0.005

Heating rate * heating rate 1 0.0006 0.0080 0.0080 0.05 0.824

N2 flow rate * N2 flow rate 1 0.0315 0.0315 0.0315 0.21 0.660

Interaction 3 0.3079 0.3079 0.1026 0.67 0.591

Temperature * heating rate 1 0.0616 0.0616 0.0616 0.40 0.541

Temperature * N2 flow rate 1 0.1777 0.1777 0.1777 1.16 0.307

Heating rate * N2 flow rate 1 0.0686 0.0686 0.0686 0.45 0.519

Residual error 10 1.5357 1.5357 0.1536

Lack-of-fit 5 1.4082 1.4082 0.2816 11.05 0.010

Pure error 5 0.1275 0.1275 0.0255

Total 19 72.7946

F-value and p-value are 51.56 and <0.001, respectively, indicating that the model
is significant. The model developed for the predictive weight loss (%) of WPCBs
during pyrolysis with actual values is presented through Eq. (2). Figure 1 depicts
the weight loss predicted by Eq. (2) together with the experimental results. It has
an R2-value and R2 adjusted of 97.89% and 95.99%, respectively, exhibiting a very
good or excellent fit of data to the model.

Weight loss(%) = −9.47 + 0.109 ∗ A + 0.131B − 4.73C

− 8.5 × 10−5 ∗ A2 − 5.381 × 10−4 ∗ B2

+ 2.677 ∗ C2 − 8.78 × 10−5 ∗ A ∗ B

+ 0.0075 ∗ A ∗ C + 0.0463 ∗ B ∗ C (2)

where A, B, and C are the temperature (°C), heating rate (°C/min), and N2 flow rate
(L/min).

The p-value < 0.05 means the significant model terms; in the present case, the
linear and quadratic terms are the significant model terms. Apparently, temperature
(A) appears to be the most significant, and the order of significance is as follows:
temperature (A) heating rate (B) > N2 flow rate (C). In the quadratic term, only
the quadratic temperature (A2) was significant, whereas other parameters had no
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Fig. 1 Comparison between actual and predicted weight loss of WPCBs

meaningful effect on weight loss. In addition, the effect of interaction between the
parameters (temperature-heating rate (A ∗ B), temperature-N2 flow rate (A ∗C), and
heating rate-N2 flow rate (B ∗ C)) had little or a minor impact on the weight loss of
WPCBs.

Effect of Operating Variables on the Weight Loss of WPCBs
During Pyrolysis

Single Parameters

The influence of single parameters (temperature, heating rate, and N2 flow rate) on
the weight loss of WPCBs is depicted in Fig. 2. Figure 2a depicts the weight loss of
WPCBs as a function of temperature, illustrating the proportional rise in weight loss
as the temperature increases.A similar patternwas observed in Fig. 2b, indicating that
weight loss increasedwith increasing heating rate. However, the slope is significantly
less than the effect of temperature, consistent with the ANOVA results. In contrast,
the effect of N2 flow rate illustrated in Fig. 2c exhibited a small parabolic trend.
The first rise in weight loss with increased N2 flow rate could be due to a sweeping
effect of N2 to liberate the solid sample from condensed volatiles and other pyrolysis
products [8]. Nonetheless, at extremely high N2 flow rates, this sweeping effect
become severe, resulting in the quick removal of heat and products from the reaction
media, hence lowering the possibility of secondary reactions [9].
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Fig. 2 Effect of a temperature, b heating rate, and c N2 flow rate on weight loss of WPCBs during
pyrolysis after 10 min of attaining set temperature

Interaction Between the Pyrolysis Parameters

Figure 3 presents the contour plots illustrating the interaction between the pyrolysis
parameters. Similar to the previous observation, these plots likewise demonstrated
the highest significance of temperature on the weight loss of WPCBs. As indicated
in Fig. 3a, b, a maximum weight loss of >27% could be achieved at an operating
temperature≥550 °Cwhilemaintaining other parameters such as heating andN2 flow
rate at >15 °C/min and >0.2 L/min, respectively. The interactive effect of heating rate
and N2 flow rate (Fig. 3c) could only result in a weight loss of 26% even when both
parameters were at their maximum and the temperature was maintained at 500 °C.

Confirmation of Response Surface Modeling

The pyrolysis parameters considered in the present study were optimized. All the
parameters were maintained within the range of the experimental conditions used,
and the quadratic model (Eq. (2)) was used to predict the optimum parameters. Such
optimum conditions should consider the energy consumption during the pyrolysis,
and thus, the conditions were defined as 513 °C temperature, 22 °C/min heating
rate, and 0.3 L/min N2 flow rate, giving a weight loss of 25.93% with about 0.07%
difference from the predicted value. The deviation between the experimental and
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Fig. 3 Contour plots between a temperature and heating rate, b heating rate and N2 flow rate, and
c temperature and N2 flow rate

predicted results from the model is very low, suggesting the adequacy of the model
for the pyrolysis of WPCBs.

Characterization of Pyrolyzed WPCBs

Pyrolysis samples obtained at center point (500 °C, 20 °C/min, and 0.3 L/min
N2) were used for the characterization purpose. The concentrations of main
metals/elements (Cu, Pb, Sn, Al, Ag, Au, Pd, Rh, C) and proximate analysis of
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WPCBs before and after pyrolysis are shown in Table 2. Apparently, ~100% of
the metals were recovered in the char product. The metal concentrations and ash
contents have accordingly increased after decomposition and volatilization of the
organic substrate.

The cross-section of SEM images of WPCBs samples before and after pyrolysis
is presented in Fig. 4. As can be seen from Fig. 4a, the glued multilayers of substrates
and metal sheet are present in the raw WPCBs. The change of the multilayers on
the WPCBs sample could be clearly seen after pyrolysis (Fig. 4b). Some holes and
cracks were also formed, and the glued multilayers were completely destroyed.

The XRD patterns of WPCBs samples before and after pyrolysis are shown in
Fig. 5. It clearly reflects the decrease in the degree of amorphousness along with
the decomposition of the organic substrate during pyrolysis. The rising intensity of
peaks at 2θ of 43.35°, 50.48°, and 74.16° for Cu also confirmed the above results
presented in Table 3.

Fig. 4 Cross-sectional SEM images of WPCBs a before and b after pyrolysis at 500 °C

Fig. 5 XRD patterns of
WPCBs before and after
pyrolysis at 500 °C
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Table 3 Metal/element compositions and proximate analysis of WPCBs before and after pyrolysis
at 500 °C after 10 min holding time, 20 °C/min heating rate, and 0.3 L/min N2 flow rate

Samples Metal/element compositions (wt%) Proximate analysis
(wt%)b

Cu Pb Sn Al Ag Aua Pda Rha C Vd Ash FC

WPCBs 23.36 0.95 1.86 2.79 0.33 11.75 46.5 742.5 19.9 25.12 72.9 1.37

Pyrolyzed
WPCBs

30.91 1.29 2.46 3.84 0.44 17.0 61.88 1032.3 8.51 6.85 92.51 0.64

a Au, Pd and Rh in g/ton
b Vd = volatile content, FC = Fixed carbon

Fig. 6 FTIR spectra of
WPCBs before and after
pyrolysis at 500 ºC

The FTIR analysis of the rawWPCBs and pyrolyzed product is shown in Fig. 6. It
can be seen that the rawWPCBs contained complex compound with main functional
groups of C–Br, C–H, C=C, C–O, N=C=O, C–Br, and aromatic cycle [10]. The
functional groups from C–H, C–Br, C–O, and aromatic cycle have disappeared after
the pyrolysis process, as confirmed during the studies that the major compositions
of gas and tar collected from the pyrolysis are from these groups, such as H2, CO2,
CO, CH4, C2H4, C2H6, C2H5Br, alcohols, phenols [11].

Recommendation of Metal Recycling Process

The organic substrate in WPCBs has been successfully degraded by the pyrolysis
process, allowing for the separation of metal fraction with relative ease. No metal
loss observed during the pyrolysis has also become advantageous for the recycling
process. However, the metal layers were wrapped by the melted fiberboards. Thus,
additional mechanical force, such as crushing for a brief period of time, may be
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utilized. Sieving can be used to separate brittle coke (fine particles) and metal-
rich fraction. Afterwards, well-known separation technologies based on magnetic-,
electrostatic-, or gravity separation systems can be used to further separate metals
fromnon-metallic blackfiber. The resultantmetal-rich concentration canbe subjected
to subsequent leaching-based metal recovery process.

Conclusions

In the present study, the pyrolysis of WPCBs was examined using a series of experi-
ments with CCD using response surface methodology (RSM). The effects of temper-
ature, heating rate, and N2 flow rate on the weight loss during pyrolysis were ranked
as follows: temperature > heating rate > N2 flow rate. A quadratic regression model
was developed, and desired conditions of 513 °C temperature, 22 °C/min heating rate,
and 0.3 L/min N2 flow rate were selected based on the model. Under these condi-
tions, a weight loss of 25.93%was observed, which was in good accordance with the
predicted yield (26.0%). Metal analysis of pyrolyzedWPCBs revealed an increase in
metal concentration with ~100% ofmetal recovery. SEM analysis clearly showed the
change of morphological structure of the pyrolyzed WPCBs. XRD analysis corrob-
orated the decrease in amorphousness in the pyrolyzed WPCBs, in accordance with
the FTIR spectra demonstrating the disappearances of various organic peaks.
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Characterization and Beneficiation
of Nigerian Lithium Ore: An Overview

Furqan Abdulfattah, Markus Daniel Bwala, Oladunni Oyelola Alabi,
Musa Gafai Sayyadi, and Suleiman Bolaji Hassan

Abstract Lithium ore is one of the most sought after minerals of the twenty-first
century due to its versatile application and specific application in sustainable energy.
With the high development and increase in electronic equipment, small-scale power
storage, and new energy industry, the consumption and demands for lithium are on a
continuous rise. Nigeria is a country with abundant mineral resource deposits where
lithium ore of several kinds have been identified to be deposited in not less than
five states across the country. This paper gives an overview on characterization and
beneficiation of Nigerian lithium ore reporting the work done so far and identifying
the knowledge gap for advancement in the research of lithium ore in Nigeria.

Keywords Lithium · Beneficiation · Energy storage · Characterization ·
Pegmatite · Spodumene · Lapidolite · Recovery

Introduction

The rapid growth of the world economy has greatly increased the requirement to
exploit other natural resources to meet metal and energy demands for several indus-
trial uses. Demand for lithium is rapidly increasing with a projected 10% annual
consumption growth [1]. Due to the advancement in technological driven devices
and new energy industry, the consumption and demands for lithium are on a rapid
rise. Lithium is estimated to be the 25th most abundant element in the earth’s crust
[2]. The British Geological Survey risk level report (2013) stated that the crustal
abundance was 16 ppm; thus, it is rated as a medium-risk on a global scale [3].

In appearance, lithium metal is silvery white; it is the lightest metal with an
atomic number of 3 and density of 0.534 g/mL at room temperature [4]. Lithium
is a highly reactive metal, when in contact with water, it reacts violently forming
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lithium hydroxide, as a safety precaution, it is stored under liquid paraffin. Lithium
is also the most electropositive of all the metals, it has a high standard electrode
potential of 3.05 V when compared to other group 1 metals; 2.71 V for sodium and
2.92 V for potassium [5]. There are twomajor primary sources of lithium; Brines and
Pegmatites of lithium-bearing minerals. The most important rock deposits of lithium
are granitic pegmatites and greisens. It is estimated that the average grade of lithium
in the earth’s crust is around 1.6 ppm, whereas, in oceanic crust, it is 4.3 ppm, and
the upper continental crust (rocks found on land) has an average of 20 ppm [6, 7].

Due to its reactivity, Li does not occur in elemental form in nature. However, there
are more than 100 known minerals that may contain Li, although only a few of these
are currently considered as economic sources. The majority of lithium minerals are
found in lithium-cesium-tantalum pegmatites, which are coarsely crystalline granites
due to slow cooling process of magma and are large intrusive igneous rocks, which
included lithium.However, just someof themoccur inmagmatic crystalline rocks and
have commercial/industrial potential—lepidolite, spodumene, petalite, amblygonite-
montebrasite and zinnwaldite [8, 9].

Nigeria has in abundance up-to 35 industrial minerals which when exploited
appropriately would improve the national income generation. Of such minerals is
lithium ore deposited in several lithium-bearing pegmatites. The lithium-bearing
mineral deposited in Nigeria include Spodumene, Lepidolite, Kunzite, Amblygonite,
Petalite, and many more yet to be discovered [10].

In order to ascertain the potential deposit of lithium ore in Nigeria, appropriate
characterization needs to be carried out, and the recovery of the lithium is necessary
which is value addition process to the minerals which would increase the revenue
from selling the concentrate for industrial use. This paper gives an overview on
characterization and beneficiation of Nigerian lithium ore reporting the work done
so far and identifying the knowledge gap for advancement in the research of lithium
ore in Nigeria.

Lithium Ore Deposit and Mineralization in Nigeria

Many African countries (most notably Zimbabwe, Namibia, Ghana, Democratic
Republic of Congo, Mali, and others) have lithium ore deposit mostly found in
low concentration in igneous rock nevertheless if appropriately exploited could be
potential source for lithium concentrate [11].

Nigerian lithium ore is found in both the Northern and Southern parts of
the country such as Kogi, Nasarawa, Kwara, Oyo, Plateau, Bauchi, Gombe, and
Adamawa. The most common lithium ores in Nigeria is spodumene, petalite, ambly-
gonite, kunzite, and lepidolite. These lithium ores are exported as mined without any
value addition to it, which reduces the revenue generated by the country frommining
and mineral industry [10] Table 1.

The pegmatitic belt and the orientation of the units within it appear to be related to
rotational stresses created by the Benue Trough. From amore global perspective, this
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Table 1 Lithium ore deposits
in Nigeria

Deposits State Associated minerals

Panda Nasarawa Pegmatite

Wamba Nasarawa Quartzite

Kabba Kogi Quartzite

Kushaka, Birnin Gwari Niger Pegmatite/Petalite

Isanlu Egbe Kogi Pegmatite

Ilesha Osun Pegmatite

Ijero Aramoko Ekiti Pegmatite

Arikya Tsauni Nasarawa Pegmatite and Quartzite

Kafin Maiyarki Nasarawa Granite

Itakpe Area Kogi Quartzite and Pegmatite

Oke Ogun Oyo Quartzite

Ago Iwoye Ogun Pegmatite

Hong Adamawa Lepidolite/Kunzite

Zuru Zamfara Petalite

Kafanchan Kaduna Spodumene/Kunzite

Lere Kaduna Petalite

Jos- South Plateau Quartzite/Lapidolite

Ganjuwa Bauchi Lithium Oxide/Lithia

Gidan Boda, Baruten Kwara Spodumene

Keffi Nasarawa Lepidolite

Source MMSD, 2022; Azomite® Laboratory Report

trend is probably the northern extension of the Brazilian pegmatite belt, which runs
from Rio Grande del Sul to Rio Grande del Norte. The pegmatite field of Nigerian
lithium deposit is part of late Pan African, rare (specialty) metals granitic pegmatites
[12, 13]. The primarymineralization of tantalum, niobium, tin, beryllium, and lithium
is hosted in quartz-feldspar-muscovite pegmatites [14].

Characterization and Beneficiation of Lithium Ore

Globally, research has been carried out in recent past on lithium ore due to devel-
opment of its application in the energy storage industry. The need for reduction
on usage of greenhouse gases has popularized the research on characterization and
beneficiation of lithium ore as an alternative sustainable source of energy. Suspected
lithium-bearing pegmatites could be characterized through several methods of char-
acterization techniques such as; XRD, SEM–EDS, QEMSCAN, EDS-XRF, AAS,
and any other kind of characterization.
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Lithium can be recovered from lithium-bearing pegmatite ore using several bene-
ficiation techniques such as magnetic separation, gravity concentration, electrostatic
separation, leaching, and flotation [15]. In order to achieve a high-grade lithium
concentrate, combination of the beneficiation procedure can be done.

Tassos et al. worked on the XRD and QEMSCAN mineralogical characteri-
zation of Zoro Lithium ore. The results show presence of spodumene (10.5%),
quartz (29.3%), plagioclase (29.0%), K-feldspars (21.3%), micas (5.1%), tourma-
line (2.9%), and Fe–Mn-phosphates (0.1%).While the electron probemicro-analyses
and LA-ICP-MS showed that the average Li concentration is 3.7% in spodumene,
2196 ppm in micas, 1001 ppm in tourmaline, and 115 ppm in K-feldspars. The
research also shows that Spodumene is the primary lithium mineral in the Zoro
Pegmatite and accounts for 96% of the total lithium. From the research, benefici-
ation of the lithium ore deposit was achieved using heavy liquid separation (HLS)
combined with magnetite separation; this indicates that it is possible to produce a
high-grade (close to 6% Li2O) lithium concentrate after the rejection of iron silicate
minerals [16].

Flotation is a widely adopted recovery technique of lithium from lithium-bearing
pegmatite ores using reverse and direct flotation [17]. It used to separate valuable
minerals by taking advantage of the differences in surface characteristics between
the two types of minerals from undesired gangue minerals [18, 19]. This process
uses a mixture of chemicals, such as pH modifiers, collectors, frothers, and acti-
vators/depressants to separate minerals with different surface wettability either by
attachment or detachment to bubbles [19–22].

Choi et al. worked the flotation of lepidolite utilizing stearyl trimethyl ammonium
chloride (STAC) as a collector, one of the quaternary ammoniumsalts,without adding
any depressant, and AF65 as a frother. The lepidolite, muscovite, quartz, calcite, and
albite minerals form the majority of the ores obtained from the Boam mine in Uljin,
South Korea. The zeta potentials of the minerals were measured by varying solution
pH, and the results show that the values of isoelectric point (IEP) were determined
to be about pH of 2.5, 2.3, and 9.7 for silica, albite, and calcite, respectively, and that
of lepidolite was below 2. They performed three-stage flotation with the separation
of calcite, albite, and quartz and recovered 76.3% of lepidolite with a concentrate
grade of 3.8 times higher Li2O than feed [23].

Also, Sousa et al. [24] obtained concentratewith a grade of 5.20%Li2O and 4.58%
Li2O by flotation of spodumene-rich pegmatite fromLänttä (Finland) andLepidolite-
rich pegmatite from Gonçalo (Portugal) respectively. The lithium ores samples were
characterized using optical microscopy, x-ray diffraction (XRD), scanning electron
microscope-energy dispersive x-ray (SEM–EDX), and Raman spectra, and it was
found that in the case of Länttä, spodumene occurs with fine quartz intergrowths and
is crosscut by fine albite and K-feldspar to some extent, whilst micro-inclusions of
quartz and albite were found in the Gonçalo lepidolite [24].

Fosu et al. [25] researched on identifying and quantifying major minerals in
Spodumene concentrate of the Pilbara region, Western Australia. The characteriza-
tion was done using x-ray diffraction (XRD), scanning electron microscope-energy
dispersive spectroscopy (SEM–EDS), XRF and ICP-OES, and Mineral Liberation
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Analysis (MLA). The result of the elemental composition of the concentrate as oxides
obtained from XRF and ICP-OES show the lithium concentration to be 2.14 wt%;
consequently, the calculated lithium oxide and spodumene concentrations were 4.61
wt% and 57.39 wt% respectively, which is in close agreement with the 60.21 wt%
spodumenes indicated by theMLAand 3wt%Li content in spodumene.XRD spectra
of the concentrate are show presence of Spodumene, mica (muscovite and biotite),
quartz, feldspars (orthoclase, albite, anorthite), and the amphiboles are the predom-
inant minerals identified which are typical minerals of spodumene ore of Pilbara
[25].

In Nigeria, theMinistry ofMines and Steel Development conducted a preliminary
study on lithium mining, processing, and extraction to ascertain the presence of
lithium deposit in some suspected areas in the country. The result of the chemical
characterization by the use of ED-XRF is shown in Table 2.

The elemental ED-XRF analysis shows the presence of lithium across the selected
pegmatite ore deposit range 3.52–9.53% with Panda in Nasarawa State having the
highest presence of lithium oxide in the lithium-bearing pegmatite [10]. Also, the
beneficiation of the identified deposit was done using froth-flotation technique to
achieve an improved lithium concentrate [10]. The ED-XRF of the ore shows a
significant improvement in the lithium which ranges from 31.79–37.9% Li2O and
reduction in the silica as impurity from 54.21–66.00% SiO2 as shown in Table 3.

Akinola et al. researched on physico-chemical characteristics of thirty lepidolite
samples were collected from Ijero-Aramoko pegmatite field, Southwestern Nigeria
and analyzed them using the inductively coupled plasma-atomic emission spectrom-
etry (ICP-AES). The results of the analysis indicate high presence of Li, Be, Cs, and
Rb contents, the average Li values of 1859 ppm, 1778 ppm, and 1656 ppm were
recorded for Oke-Asa, Oke-Igbo Aba, and Ijero Ekiti, respectively. The research
established that Ijero-Aramoko pegmatite field could be a potential source of lithium
ore in Nigeria [26].

Table 2 Results of energy dispersive x-rayfluorescence spectrometer (ED–XRF) chemical analysis
of sourced lithium ore at different deposits within Nigeria

Sample
locations

SiO2
wt%

Al2O3
wt%

Na2O
wt%

K2O
wt%

TiO2
wt%

P2O5
wt%

MgO
wt%

Li2O
wt%

MnO
wt%

CaO
wt%

Fe2O3
wt%

L.O.I
wt%

Panda 73.8 3.21 2.14 0.12 2.14 1.04 0.26 9.53 0.06 2.36 4.31 0.01

Wamba 74.23 3.08 1.06 0.13 2.06 1.21 0.18 8.69 0.05 2.21 3.98 0.03

Kabba 82.86 2.14 1.05 2.10 0.06 0.03 0.50 8.69 0.01 0.16 2.07 0.01

Kushaka 94.08 0.06 0.03 0.12 0.18 0.002 0.05 3.51 0.01 0.14 2.04 0.01

Isanlu
Egbe

78.4 2.63 2.01 0.25 3.14 0.001 0.05 9.336 0.37 1.05 1.29 0.02

Ilesha 85.51 1.01 2.01 3.62 0.21 0.002 0.43 4.379 0.089 0.96 1.93 0.01

Ijero
Aramoko

87.21 1.86 1.05 0.34 0.069 0.006 0.061 6.102 0.42 1.71 1.16 0.03

Source MMSD, 2022
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Agaku et al. studied the qualitative analysis and hydrometallurgical extraction
of lithium from polylithionite ore obtained from Keffi pegmatite field, Nassarawa
state, North-Central, Nigeria. The study therefore showed that the hydrometallurgical
extraction of Li using chloride roasting additives (NaCl and CaCl2) is cost effective,
less energy consuming, and efficient, since the chloride additives rationed in fractions
(1:0.6:0.4 ore, NaCl, CaCl2) gave substantial optima lithium extraction efficiency of
89.90% at the optimized conditions. The chemical characterization using both energy
dispersive x-ray fluorescence (ED-XRF) and flame atomic emission spectroscopy
(FAES) composition of the lithium rich rock was show present of Li2O with Li
content of 3.25 wt% [27].

Conclusions and Recommendation

This work looks at several research works done on characterization and beneficiation
of lithium ore. The research shows the advancement in research on characterization
and beneficiation of lithium ore globally. Also, because spodumene seems to be the
highest rich lithium-bearing pegmatite ore. It looks like little or no detailed studies
are yet to be carried out on other lithium-bearing minerals such as lepidolite, petalite,
kunzite, quartzite, and others.

Despite the presence of lithium deposit in Nigeria, it was observed that only very
little research has been done on lithium characterization and beneficiation. There is a
need to immensely exploit this visible knowledge gap for exploitation and processing
of lithium in Nigeria.

Holistic research on characterization and beneficiation of lithium-bearing
pegmatite ore in Nigeria is needed since minerals beneficiation complement key
national development initiatives through the provision of mineral-based feedstock
for a competitive manufacturing sector in an environmentally sustainable way.
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Tantalum Recovery Technique
for Recycling of Tantalum Coated
Composite Materials

Akanksha Gupta and Brajendra Mishra

Abstract In recent years, tantalum is being increasingly researched as a replace-
ment for coatings for high-temperature applications. Tantalum is a refractory metal
with low recycling rate of less than 1% because most tantalum secondary recovery
techniques are primarily meant for recovery of other elements. In this study, the
objective is to review various potential methods for recycling of tantalum coated steel
composite, either at its end of life or for coating refurbishment purposeswhen coating
is damaged. Tantalum can be recovered by both pyrometallurgical and hydromet-
allurgical methods, or a combination of the two, and it usually involves a whole
process development with multiple steps for separation and purification from other
elements. The main factor for selecting the best recovery method is dependent on the
materials which are mechanically or chemically bonded with tantalum. This review
summarizes various methods to recover tantalum from different secondary sources
like tantalum capacitors, tantalummill products, and tantalum in chemical processing
industry. Lastly, we comment on the best method to recover tantalum from tantalum
coated scrap.

Keywords Tantalum recovery · Capacitor recovery · Bimetallic composite ·
Tantalum · Pyrometallurgy · Hydrometallurgy

Introduction

Refractory metals like tantalum and tungsten are being extensively researched to
replace traditional coatings in high-temperature applications. These metals offer
properties of high melting point and superior resistance to extreme environments
in high-temperature applications. Tantalum is a refractory metal with a high melting
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point of 3017 °C. It is a very inert and heat resistant metal which finds applications
in many fields including semiconductor industry in electronic capacitors for auto-
motive, mobile phones and computers; alloying element for steels in aerospace and
oil industries; in superalloys; as carbides for use in cutting tools; and as coatings for
medical implants [1, 2]. Tantalum is also highly resistant to most acids or aggressive
mediums, including HNO3, HCl and aqua regia below 150 °C, because of which it
also finds applications in chemical reaction vessels. Tantalum supply is majorly from
primary mining (artisanal and small-scale mining accounting for 48% and conven-
tional mining 25%), tin slags (7%), secondary recycling (20%) and inventories and
stockpiles, as reported in 2020 [3].

Tantalum belongs to the critical metal category with recycling rate of less than 1%
[4]. In 2021, tantalum consumption in USA from secondary sources was reported to
be nearly 30% [2]. Tantalum coated composites are a potential source for secondary
tantalum recoveries. Moreover, tantalum coatings and coatings in general must be
removed from substrate for a variety of reasons—replacement of damaged coating,
inspection of substrate, recycling of coated composite or for cleaning of substrate.
Traditional ways to recycle tantalum include both hydrometallurgical and pyrometal-
lurgical route, with advantages and disadvantages for both. In the present review, the
objective is review of various potential methods to recover tantalum from tantalum
coated steel composites, with or without damage to the substrate. There is a lack
of research for recovering tantalum from this specific form of tantalum coated steel
composite in scientific journals. Therefore, we will carry out a broad review of
extracting tantalum from different secondary sources with hopes of shedding light
on potential route for recovering tantalum from tantalum coated steel composite.

Pyrometallurgical Recovery

Pyrometallurgical processes are characterized by simple, high efficiency, energy
intensive, high carbon footprint, and high-cost processing methods. There are
various pyrometallurgy methods like high-temperature oxidation, chloride metal-
lurgy, iodization, steam gasification, and pyrolysis, which have been reported to
recover tantalum as its oxide or halogen compounds. For further separation and
purification from other elements, hydrometallurgy like acid leaching, solvent extrac-
tion, or ion exchange may be used. To recover tantalum in metallic form, reduction
using hydrogen gas or metallothermic reduction methods have been reported. The
recovery rates are very high for tantalum using pyrometallurgy, but the purity rate
solely depends on the secondary processes used to separate and purify the recovered
tantalum. The various pyrometallurgical methods along with the complete process
flow for recovering tantalum are summarized in Table 1.
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Hydrometallurgical Recovery

Though pyrometallurgy is more commonly applied for tantalum recoveries from
secondary sources, there are various alternate hydrometallurgical routes reported as
well. Because of the inherent nature of tantalum to resist corrosion even in aggres-
sive mediums, hydrometallurgical methods for recovering tantalum usually involve
recovering elements attached to tantalum first. Hydrometallurgical processes are
characterized by high efficiency, resource extensive, high waste or by-product gener-
ation and costly processes. Generally, for tantalum recovery, hydrometallurgical
methods have to be used in conjunctionwith other unit processes for complete process
flow. Some commonly used methods include acid leaching in leaching reagents like
HF, NH4F, HNO3, HCl, or H2SO4 mediums; solvent extraction using solvents like
methyl isobutyl ketone (MIBK), tributyl phosphate, cyclohexane, 2-octanol, and
ionic liquids, and ion exchange method. Some methods to hydro-metallurgically
recover tantalum from different sources are summarized in Table 2.

Conclusion

There are various processes to recover tantalum, broadly classified into high-
temperature oxidation, pyrolysis, steam gasification, iodization, acid leaching, alka-
line leaching, application of ionic liquid, and supercritical water treatment. Pyromet-
allurgy is energy intensive but produces tantalum of high purity, in short time and
may generate less waste by-products. On the other hand, hydrometallurgy routes are
less energy intensive but produce a lot of waste which needs to be further handled
and may involve use of high quantities of toxic reagents. Both processes have their
advantages and limitations. Table 3 lists some differences between pyrometallurgy
and hydrometallurgy for tantalum recovery. The selection of recovery strategy for
tantalum depends on the waste from which it needs to be extracted. As described in
the sections above, tantalum recovery involves a whole process flow with multiple
steps to purify and separate other components from the waste scrap.

In case of tantalum coated steel composite, tantalum is attached to one other
component which is steel and there may or may not be an interdiffusion layer which
depends on the coating deposition method used. Thus, the main considerations here
are the steel substrate and composite’s interface characteristics. If tantalum is to be
recoveredwithminimumdamage to the substrate, pyrometallurgy to extract tantalum
as its oxides may be the most efficient method to protect the steel substrate. Tantalum
and iron oxidize in oxygen containing environment to develop protective scales of
Ta2O5 and oxides of the substrate, respectively. Thermodynamically, Ta2O5 is a very
stable phase at high temperatures compared to most metals. Therefore, both tantalum
coating and steel substrate will oxidize but at relatively different rates, which can
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Table 3 Comparison of pyrometallurgy and hydrometallurgy techniques for tantalum recovery

Pyrometallurgy techniques Hydrometallurgy techniques

High energy consumption Low energy consumption

Short processing period Long processing period

May produce less amount of waste by-product Produces large quantity of waste by-product

High efficiency, but can be less selective High efficiency with high selectivity

May require a smaller number of processing step
depending on the method used

Many processing steps required

be optimized. But if the whole tantalum coated steel composite is to be recycled,
a combination of hydrometallurgy and pyrometallurgy may be the best method to
selectively extract Fe (steel) and Ta.
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Reduction Volatilization Behavior
of Indium Oxide in Indium-Tin Oxide
(ITO) Wastes Under CO/CO2
Atmosphere

Zijian Su, Yan Wang, Bin Lei, and Yuanbo Zhang

Abstract ITO is a vital material in preparing semiconducting film for electronic
display screens, which contains 80–95 wt% of indium oxides. However, indium is
a tare dispersion in Earth’s crust with an average abundance of 0.02 ppm, which
is quite difficult to recover extract from primary ores. Then ITO wastes were high-
quality secondary resource for indium recovery. In this paper, a novel process for the
separation and recovery of indium oxides from ITO waste targets via roasting under
CO–CO2 atmosphere is proposed. The effect of roasting parameters on the indium
volatilization and phase transformationwas conducted using thermomechanical anal-
ysis, XRD, SEM, etc. The results showed that the indium volatilizationwas 95.2 wt%
under optimal experimental conditions. In2O3 was selectively reduced to In2O and
volatile as gaseous phase above 900 °C, then indium can be separated and collected
as disproportionation products.

Keywords ITO wastes · Phase transformation · Reduction volatilization

Introduction

Indium is considered an important strategic resource which associated with other
minerals and must be produced as a by-product of other metallurgical processes.
In non-ferrous metal smelting, indium was enriched in the slag and ash of Pb–
Zn ore; however, the grade was still only 0.1–1.5% [1]. It was difficult to recover
from primary ores by mining, mineral processing and smelting process. With the
depletion of indium resources and the increasing demand, the extraction of indium
from secondary resources is becoming a research priority.

According to researches [2, 3], the production of recycled indium reached more
than 1000t in 2021, accounting for 60% of the total indium output. Indium was
mainly used in the production of ITO targets (the mixtures consisted with 80–95
wt% In2O3 and 5–20 wt% SnO2). However, in the sintering and sputtering process
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of ITO targets, the waste target rate was as high as 70% for nodules caused by the
generation of InOx and SnOx. Comparing with primary ores, the recycling of ITO
scrap targets was more advantageous because of the higher grade of indium (>70%)
and the lower number of impurity elements.

The recycling of metal components in ITO waste targets has been widely studied,
and the separation and recycling of indium and tin has become the focus. At present,
the recovery of indium mainly included hydrometallurgy and pyrometallurgy. The
indium and othermetal components were leached by acid solution [4]; indium and tin
were separated by replacement, extraction, alkali precipitation, and sulfide precipi-
tation, furthermore purified by electrolytic refining [5–8]. However, it consumed a
large amount of acid, alkali and extractant, generated waste gas and waste liquid,
and even caused serious secondary pollution. The pyrometallurgy for processing ITO
wasted targets mainly included vacuum metallurgy and chlorination roasting. The
wasted ITO targets could be reduced to In-Sn alloy with CO or H2 at 1073 K. Since
the saturation vapor pressure of indium and impurities varies greatly under vacuum
conditions, the high volatile impurities such as Cd, Zn and Pb could be distilled out
at 1223 K, 5 Pa for 2 h, the metallic indium was evaporated at 1323 K, and the
low volatile impurities such as Fe, Cu, Ni, and Sn were left in the slag phase, but
each ton of indium recovered required 14,000 kWh of electricity [9, 10]. Chlorina-
tion reactions were considered for indium separation due to the low boiling point
of indium chloride(~673 K) [11]; however, it required a large number of additives
and a subsequent purification procedure of metallic indium. In addition, the serious
corrosion of equipment was also one of the main reasons limiting its application to
industry.

Previous studies showed that In2O3 could be easily reduced to In2O and volatilized
under the CO–CO2 atmosphere at high temperature [12]. The indium component
could be converted to In2O and separated from the waste ITO targets, since the
saturated vapor pressure of In2O is much higher than that of metal In and In2O3.

In this study, the crushedwasted ITO targetwas used as the research object. Indium
was recovered from the ITO scraps by CVT (chemical vapor transport) method,
indium component was separated by gas phase In2O, and the remaining metal impu-
rities were enriched in the slag phase. In addition, the phase transformation ITO and
separation behavior of gaseous intermediates were investigated and characterized
using thermodynamic analysis XRD, SEM, ICP, etc. This work provided an efficient
and clean pretreatment thought for high-value utilization of waste ITO targets.

Experimental

Materials

The raw material used in this study was wasted ITO targets obtained from the
magnetron sputtering process. The XRD (Bruker D8 advance, Germany) analysis of
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Fig. 1 XRD pattern of waste ITO target

thewasted ITO target in Fig. 1 showed that the samplewas of high purity andmatched
well with the (In1.88Sn0.12)O3 standard card (PDF# 85-4598), and no diffraction peak
of impurities was found.

In order to determine the main chemical components in the waste ITO target,
X-ray fluoroscopy (XRF, Axios mAX, PANalytical Co., Ltd., in Holland) analysis
was carried out, assaying (wt%) In 72.91, Sn 7.96, Ti 0.22, Al 0.19, Fe 0.07, Zr 0.04,
W 0.03, Cu 0.02 as well as Ni 0.01. The results showed that the main components
of the waste ITO target were indium and tin. In addition, the impurity elements Ti,
Al, Fe, Zr, W, Cu, and Ni introduced with the sintering flux were also found. The
contents of impurity elements were extremely low but still higher than the standard
of 100 ppm.

Methods

Theexperimentswere carried out in a horizontal tube furnace.To investigate the effect
of roasting parameters on the volatilization of wasted ITO target, 1.000 ± 0.005 g
of ground ITO samples weighed, and placed in corundum crucibles, then roasted in
the furnace. After roasting for a period of time, the cooled samples were weighed
and analyzed for residual indium content by ICP (Thermo fisher Corporation, U.S.).
The volatilization can be calculated using the following equation:

γ = (
TIn × m0 − T′

In × m1
)
/TIn × m0 × 100% (1)
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where m0 is the mass of ITO samples, g; m1 is the mass of the sample after roasting,
g; γ is the volatilized fraction of indium, wt%; TIn is the total indium content of the
wasted ITO target slag, wt%; and T′

In is the total indium content of the sample after
roasting, wt%.

Results and Discussion

Thermodynamic Analysis

Based on previous studies [13], the reduction of indium and tin was similar, the
reaction of In2O3 → In2O→ In proceed under CO–CO2 atmosphere with a stepwise
reduction. The possible reactions were then presented in the ITO–CO–CO2 system,
assuming that the reactions were carried out at a constant pressure of 1 atm (pθ), and
the dominant phase diagrams of In2O and SnO were calculated and plotted in Table
1 based on our previous paper.

The saturated vapor pressure of main components in the waste ITO target was
shown in Fig. 2, including In, Sn, and their oxides. At the same temperature, the
saturated vapor pressures of In2O and SnO were higher than other phases, and it was
easier to transform into the gas phase at 1173–1373 K.

Figure 3 showed that the reduction intervals of indium and tin were different
under CO–CO2 atmosphere, and the reduction temperature of indium was relatively
lower, so it was possible to selectively reduce indium and tin to different phases
by adjusting the CO content and temperature to achieve indium-tin separation. In
region ➁, when CO/(CO + CO2) exceeded 20%, In2O3 was reduced to In2O(g) and
volatilized, while SnO2 was over-reduced to metallic tin. In region ➀, when the CO
content was too high, In2O3 was easy to being reduced to metal indium, leading to

Table 1 A �Gθ
T-T

relationship of corresponding
reactions SnOx, InOx during
the reduction process

Equations Reaction equations �Gθ
T-T (kJ/mol)

(2) In2O3 + 3CO(g) =
2In + 3CO2(g)

�Gθ
T = −0.061 T +

73.60

(3) In2O3 + 2CO(g) =
In2O(g) + 2CO2(g)

�Gθ
T = −0.2031 T +

310.56

(4) In2O(g) + CO(g) =
2In + CO2(g)

�Gθ
T = 0.142 T −

236.96

(5) SnO2 + 2CO(g) = Sn
+ 2CO2(g)

�Gθ
T = −0.032 T +

15.56

(6) SnO2 + CO(g) =
SnO + CO2(g)

�Gθ
T = −0.018 T +

15.84

(7) SnO(g) + CO(g) =
Sn + CO2(g)

�Gθ
T = 0.1451 T −

296.68
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Fig. 2 Saturated vapor
pressure diagram of indium
tin and their oxides

Fig. 3 Regional dominance
of In, Sn, and their oxide
phases under reducing
atmospheres

the decrease of the volatilization rate. In region ➂, the tin component in the waste
ITO target still existed in the form of SnO2; however, the low CO content led to the
decrease in the reduction reaction, resulting in a low volatilization rate.

Effect of Parameters on the Volatilization of Indium

Thermodynamic analysis showed that roasting atmosphere and roasting temperature
were the most important factors affecting the separation of indium reduction. The
effect of these parameters on the indiumvolatilization ratewas further investigated by
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fixing the roasting time to 2 h and the gas flow rate to 4L/min at different temperatures
and atmosphere compositions.

It can be concluded from Fig. 4 that the volatilization rate of indium increased
and then decreased with the increase of CO content at a fixed roasting time of 2 h,
temperature of 1100 °C, and gas flow rate of 4L/min. When the CO content in the
system was high, the generated In2O(g) would be over-reduced to metallic indium
by the excessive CO. Although metallic indium still generated In2O(g) with In2O3,
the rapid rate of indium generation would lead to the generation of indium metal
irreversible, resulting in lower volatility of indium (Fig. 5).

It was obvious that the volatilization rate of indium increasedwith the temperature
and raised significantly after 1050 °C.Since the temperature reached themeltingpoint
of SnO, the generation of In2O(g) was promoted (SnO + In2O3 → SnO2 + In2O(g)),
resulting in the volatilization rate of indium increased rapidly. When the temperature
was fixed at 1100°C, the volatilization rate of indium reached a maximum of 95.2%.

As shown in Fig. 6, the volatilization rate of indium varied linearly with time
after 1 h. In the early stage of the reaction, the low pressure of In2O(g) promoted
the reaction In2O3 + CO(g) → In2O(g) + CO2(g) to occur at a faster reaction rate.
With the extension of time, the amount of In2O(g) generated was consistent with the
amount of condensation.

Fig. 4 Effect of CO content on indium volatilization
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Fig. 5 Effect of temperature
on indium volatilization

Fig. 6 Effect of roasting
time on indium volatilization

Analysis of Roasting Results and Products

The XRD analysis of the roasted residual sample was shown in Fig. 7. Under the
roasting condition of 1100 °C and 20%CO, themain phase of the residual samplewas
unreacted In2O3, while SnO2 was reduced to metallic tin, which was consistent with
the results of thermodynamic calculations. With the increase of CO concentration
to 40%, the ITO waste target was over-reduced into indium-tin alloy. The reason
of poor separation efficiency is that the partial pressure of In2O is too high to be
regulated under the condition of high CO concentration.

As shown in Fig. 8, the samples collected under optimal conditions at 20 vol.%CO
consisted of In2O3 and In, which indicated that In2O(g) disproportionated during the
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Fig. 7 XRD patterns of roasting residues

condensation process.According to the research, In2O(g) is extremely unstable below
850°C, leading to In2O → In2O3 + In. More importantly, there was no diffraction
peak of other impurity in the product, indicating that indium component had been
separated, and the tinwas enriched in the solid phasewhile the indiumwas evaporated
as gaseous phase.

The SEM (MIRA3 TESCAN, Czech Republic) analysis results also showed the
disproportionation reaction occurred during the condensation process. As shown in
Fig. 9, the volatilized productwas obviously composed of twophases, onewasfibrous
nanorods mainly composed of In2O3 collected in the high temperature region, and
the other was an octahedron mixture of In2O3 and metallic In collected in the low

Fig. 8 XRD patterns of volatiles
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Fig. 9 SEM analysis of volatile products

temperature region. The SEM results of volatile samples were corresponding to the
XRD patterns.

Conclusions

This study proposed a new strategy for the separation and recovery of indium from
waste ITO target under CO–CO2 atmosphere. According to the thermodynamic anal-
ysis results, indium can be selectively volatilized to achieve the separation of indium
and tin by adjusting the CO content and temperature; indium can be separated and
collected as disproportionation products.Under the selected parameters, the optimum
oxidation volatilization rate of indium reached 95.2% for calcination temperature
1100 °C, CO/(CO + CO2) content 20%, roasting time 120 min.
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Evolution Mechanism
of Vanadium-Containing Phases During
Sodium Roasting of Vanadium Slag
with High Chromium Content

Jie Cheng, Hong-Yi Li, Dong Hai, Xin-Mian Chen, Jiang Diao, and Bing Xie

Abstract In order to fundamentally improve the recovery rate of vanadium in the
process of sodium roasting-water leaching of vanadium slag with high chromium
content, it is very important to study the evolution mechanism of vanadium-
containing phases. XRD was used to characterize the phase evolution of vanadium-
containing phases with roasting time. At the beginning of roasting, the vanadium-
containing phases basically were not changed, V3+ still formed FeV2O4 with Fe2+

and O2−. After 10 min, FeV2O4 began to be oxidized, V3+ was oxidized to V4+/V5+.
When the roasting time reached 15min, the oxidizedV5+ started to reactwithNa2CO3

to form soluble vanadate sodium. After 50min, the diffraction peaks of sodium vana-
date increased sharply. After 90 min, almost all FeV2O4 was converted to Na3VO4,
NaV3O8, and NaVO3.

Keywords Vanadium slag with high chromium content · Sodium roasting ·
Evolution mechanism

Introduction

Vanadium (V) is a high-value, strategic metal widely applied in national defence,
chemical, and metallurgical engineering [1–7]. In China, the V–Ti magnetite ores
are smelted in a blast furnace for steelmaking, wherein vanadium-containing slag
is intentionally produced as a by-product [8–11]. The vanadium slag with high
chromium content then becomes a direct raw material for vanadium extraction. At
present, sodium roasting-water leaching is the most generally used technique to
extract vanadium from the vanadium slag among many vanadium slag extraction
techniques [12, 13]. The vanadium slag roasting with sodium salt is an oxidation
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process [14]. Vanadium embedded in the slag presents as V3+, and with roasting, V3+

is oxidized to V4+ and V5+ and converted to sodium vanadate, which can be dissolved
in a subsequent water leaching step [15–18]. However, the vanadium recovery by the
sodium roasting-water leaching technique is not very high [19]. Based on the advo-
cated resource conservation and sustainability, the vanadium recovery in the sodium
roasting-water leaching process should be improved. The key to improve the vana-
dium recovery lies in the in-depth understanding of the transformation mechanism
of vanadium-containing phases during the sodium roasting of vanadium slag. Only
by deeply understanding the evolution path of vanadium-containing phases during
the sodium roasting process of vanadium slag, a higher vanadium recovery can be
obtained.

Currently, some works have been undertaken to study the roasting mechanism
of the vanadium slag. Van et al. reported the oxidation kinetics of FeV2O4 over the
temperature range of 473–853 K and the oxidation behavior of FeV2O4 by oxygen
in the appearance of Na2CO3 [20]. Li et al. revealed the detailed evolution mech-
anism of the vanadium-containing phases during sodium roasting of the vanadium
slag [12]. Jiang et al. studied the phase evolution of the main components during
the calcification roasting of the vanadium slag [21]. Zhang et al. investigated the
mechanism of vanadate formation while roasting vanadium with calcium oxide [22].
However, the current research on the evolution mechanisms of vanadium extraction
from vanadium slag only stays at the macro level and cannot fundamentally control
the evolution of vanadium-containing phases during the roasting process.

In this work, we used X-ray diffraction (XRD) to explore the evolution paths of
vanadium-containing phases with the change of roasting time from a microscopic
perspective.

Materials and Methods

Materials and Characterizations

The vanadium slag with high chromium content used in the experiment was synthe-
sized according to the chemical and phase compositions of vanadium slag with high
chromium content produced by Pan-Steel in China. All chemicals used in the study
were of analytical grade (ChengduKelongChemicals, China) andwere dried at 393K
for 24 h before use to prepare the vanadium slag with a high chromium content in the
desired shape for better characterization. The CaO powder was calcined at 1473 K
before being used to eliminate CO2 molecules for purity ensurance. The deionized
water used in this study was produced by Millipore Aquelix 5, USA.

The chemical composition of the vanadium slag with high chromium content
(Table 1) and roasted slags were determined using the X-ray fluorescence (XRF,
Shimadzu XRF-1800, Japan) technique. The phase compositions of the vanadium
slag with high chromium content (Fig. 1) and roasted slags were determined via
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Table 1 Chemical compositions of the vanadium slag with high chromium content, wt(%)

FeO SiO2 TiO2 V2O3 Al2O3 MnO Cr2O3 MgO CaO

24.39 29.58 3.30 8.15 10.57 1.69 4.62 15.18 2.52

Fig. 1 XRD pattern of the vanadium slag with high chromium content

powder XRD (Rigaku D/MAX 2500PC, Japan) analysis using Cu–Kα radiation
from 10° to 90°. In the vanadium slag with high chromium content, V3+ ions were
surrounded by Fe2+ and O2− ions to form the FeV2O4 phase. Likewise, the valuable
metal elements Cr and Ti, in the form of Cr3+ and Ti4+, were combined with Fe2+,
Mg2+, and O2− ions to form the phases of (Fe, Mg)Cr2O4 and Mg2TiO4. In addition,
Si4+ constituted the phase of Fe2SiO4 with Fe2+ and O2− ions and the phase of
CaAl2SiO6 with Ca2+, Al3+, and O2− ions.

Experimental Procedure

150 g chemical mixture of FeC2O4·2H2O (67.07 g), SiO2 (27.70 g), TiO2 (3.65 g),
V2O3 (11.03 g), Al2O3 (5.65 g), MnCO3 (2.88 g), Cr2O3 (11.02 g), MgO (17.29 g),
and CaCO3 (3.71 g) was charged in an Al2O3 crucible (inner diameter: 53 mm,
height: 140 mm). Then, it was placed inside a graphite crucible and melted in the
furnace at 1773 K. After holding at this temperature for 30 min, the temperature was
dropped to 1300 K at the rate of 10 K min−1 and held at 1300 K for 1 h. In the next
step, the synthetic vanadium slag with high chromium content was cooled to room
temperature with the furnace.
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After crushing treatment, the cooled vanadium slag with high chromium content
sample was taken out of the crucible, and the sample was crushed and ground
into powder (less than 74 μm). Na2CO3 was mixed with vanadium slag with high
chromium content at an n(V)/n(Na) ratio of 0.3 for roasting at 1073 K. The door
of the muffle furnace was not completely closed to maintain a sufficient oxidizing
atmosphere. It was stirred every 15 min during the roasting process to prevent the
vanadium slag with high chromium content from sintering. After roasting for 2.5, 5,
10, 15, 30, 50, 70, and 90 min, the roasted slags were taken. The roasted slags were
cooled by air to room temperature and ground into powders.

Results and Discussion

Evolution Mechanism of Vanadium-Containing Phases
During Roasting for 2.5–15 min

In Fig. 2a,when the sodium roasting timewas 2.5min, the FeV2O4 phase of vanadium
atomsdid not change. The phases of Fe2SiO4 andCaAl2SiO6 changed significantly.A
small amount of NaFeSi2O6 appeared, indicating that Fe2SiO4 underwent oxidative
decomposition, causing the oxidation of a small amount of Fe2+ to Fe3+. Moreover,
during the oxidative decomposition process, Si remained as Si4+. In addition, the
diffraction peak of Na2SiO3 appeared. It is speculated that Fe2SiO4 reacted with
Na2CO3. The essence is that the bonds of Si4+, Fe2+, and O2− in Fe2SiO4 were
broken, and Si4+, Na+, and O2− could form Na2SiO3. Besides, the diffraction peak
of Na1.74Mg0.79Al0.15Si1.06O4 also appeared, formed by the reaction of CaAl2SiO6,
Fe2SiO4, and Na2CO3. Si4+ reacted with O2− to form SiO4−, and together with the
alkali metal ions Na2+, Ca2+, and Al3+ generated Na1.74Mg0.79Al0.15Si1.06O4.

As shown in Fig. 2b, when the sodium roasting time was extended to 5 min,
comparedwith 2.5min, the diffraction peak of CaTiSiO5 appeared, a crystal enriched
with Ca and Ti atoms [23]. In the current artificial synthesis method of CaTiSiO5,
SiO2 was required as one of the reactants. So, it can be concluded that the silicate
phases, includingFe2SiO4 andCaAl2SiO6, are decomposed and oxidized in the initial
stage of sodium roasting of the vanadium slag with high chromium content.

In Fig. 2c, after roasting for 10 min, the diffraction peaks of FeV2O4 changed
slightly. A small amount of FeVO4 and FeV3O8 appeared, indicating that FeV2O4

began to participate in the oxidation reaction. V3+ was incompletely oxidized to form
V4+ and V5+, and in combination with Fe3+ and O2−, formed FeVO4 and FeV3O8.
In addition, a large number of titanium-containing phases such as Fe2.75Ti0.25O4,
FeTiO3, and TiO2 appeared, indicating that the phase of Mg2TiO4 underwent effec-
tive oxidative and decomposition reactions. Moreover, the diffraction peaks of
Na4SiO4 appeared, indicating that Fe2SiO4 and CaAl2SiO6 have been significantly
involved in the reaction.
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Fig. 2 XRD analysis of the vanadium slag with high chromium content after roasting for different
time. a Roasting for 2.5 min; b roasting for 5 min; c roasting for 10 min; d roasting for 15 min

In Fig. 2d, when the sodium roasting time increased to 15 min, the reaction degree
of the spinel where vanadium atoms were located was further expanded: not only
the outer layer of Mg2TiO4 reacted but also the FeV2O4 near the core participated
in the reaction. FeV2O4 was thermally oxidized, and some vanadium atoms were
oxidized and decomposed into V5+, and reacted with O2− and Na+ to form many
vanadium-containing phases, such as Na3VO4, NaV3O8, and NaVO3.

Evolution Mechanism of Vanadium-Containing Phases
During Roasting for 30–90 min

The XRD pattern of the sample after sodium roasting for 30 min (Fig. 3a) shows that
the diffraction peaks of Na3VO4, NaV3O8, and NaVO3 were considerably enhanced.
Moreover, the diffraction peak of a new sodium vanadate phase (Na5V3O10)
appeared, formed by the condensation of vanadate sodium. In addition, the diffrac-
tion peak of FeVO4 also appeared, confirming that FeV2O4 was first oxidized and
then reacted with Na2CO3. That is, V3+ in FeV2O4 was oxidized to V5+, Fe2+ was
oxidized to Fe3+, and then formed FeVO4 with V5+ and O2−, and then reacted with
Na2CO3 to form sodium vanadate.
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Fig. 3 XRD analysis of the vanadium slag with high chromium content after roasting for different
time. a Roasting for 30 min; b roasting for 50 min; c roasting for 70 min; d roasting for 90 min

In Fig. 3(b), after roasting for 50 min, FeV2O4 wrapped in the outer layer of (Fe,
Mg)Cr2O4 reacted to a certain extent. So, (Fe, Mg)Cr2O4 in the core of the spinel
was exposed. In addition, the diffraction peaks of Na2CrO4 appeared, indicating that
(Fe, Mg)Cr2O4 started to react with Na2CO3, causing the oxidation of Cr3+ in (Fe,
Mg)Cr2O4, which lost electrons to become Cr6+ and reacted with Na+ and O2− to
form Na2CrO4. Besides, the diffraction peaks of sodium vanadate increased sharply,
proving that FeV2O4 was in the rapid stage of reaction with Na2CO3.

In Fig. 3c, when the sodium roasting time increased to 70 min, the XRD pattern
tended to be flat and clear. Among them, the diffraction peaks of Na3VO4 and
Na5V3O10, the oxidized intermediate product (FeVO4), and the Na2CrO4 and (Fe,
Mg)Cr2O4 can be clearly found.

As shown in Fig. 3d, when the sodium roasting time was extended to 90 min, the
sodium vanadate mainly existed in the form of Na3VO4, Na5V3O10, NaV3O8, and
NaVO3, and its diffraction peaks were clear, numerous, and high in intensity. This
indicates that sodium vanadate could stably be formed in large quantities. Further-
more, there is no diffraction peak of FeVO4, demonstrating that the reaction speed
of FeV2O4 was very slow, or even stagnant due to the lack of Na2CO3. Besides,
Fe2SiO4 did not react completely, and the final reaction products of the olivine phase
were: Na4SiO4, NaFeSi2O6, CaMgSi2O6, and Na1.74Mg0.79Al0.15Si1.06O4.
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Conclusion

In this work, the vanadium slag with high chromium content was taken as the
research object, and it was aimed to extract vanadium from vanadium slag with
a high chromium content in a more efficient and environmentally-friendly way. The
change law of the vanadium-containing phases during the sodium roasting process
of vanadium slag with high chromium content was deeply analyzed, which laid a
theoretical foundation for regulating the evolution of vanadium-containing phases
during the sodium roasting process and improving the recovery rate of vanadium.
At the beginning of roasting, the phases of V3+ basically were not changed, V3+ still
formed FeV2O4 with Fe2+ and O2−. The silicate phases reacted with Na2CO3 and
formed Na1.74Mg0.79Al0.15Si1.06O4 and Na2SiO3. After 10 min, FeV2O4 began to be
oxidized, V3+ was oxidized to V4+/V5+, Fe2+ was oxidized to Fe3+, and FeVO4 and
FeV3O8 were formed. When the roasting time reached 15 min, the oxidized V5+

started to react with Na2CO3 to form soluble vanadate sodium, such as Na3VO4,
NaV3O8, and NaVO3. When roasting time was 50 min, (Fe, Mg)Cr2O4 began to
be oxidized and underwent sodium reaction with Na+ and O2− to form Na2CrO4.
When the roasting time was extended to 90 min, almost all FeV2O4 was changed to
Na3VO4, NaV3O8, and NaVO3.
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Recovery of Vanadium from Vanadium
Slag by Roasting with CaO-MgO
Composite Additive

Mingshuai Luo, Junyi Xiang, Qingyun Huang, Shengquin Zhang,
and Zenghao Liu

Abstract Calcification roasting-acid leaching is a clean vanadium extraction
process, but the recovery rate of vanadium is low. Therefore, this study proposed the
enhanced extraction process of vanadium slag by calcination with CaO and MgO.
The effects of the roasting and leaching process on vanadium recovery and the change
of impurity content in vanadium extraction tailings were studied. The results show
that under the conditions of roasting temperature of 850°C, roasting time of 2 h, and
pH of 2.5, the leaching efficiency of vanadium can reach 93.8% by roasting with the
mixture of CaO and MgO. Compared with the calcification roasting-acid leaching
process, the leaching efficiency of vanadium can be significantly increased, and the
yield of vanadium extraction tailings and the contents of sulfur and calcium also can
be reduced by the calcium-magnesium composite roasting process. Such a process
shows great potential in improving vanadium recovery and cleaner production.

Keywords Vanadium slag · Calcium-magnesium composite roasting · Acid
leaching · Leaching efficiency · Vanadium extraction tailings

Introduction

As a strategic metal [1], vanadium can significantly improve the physical and chem-
ical properties of steel and alloy, and is widely used in metallurgy, aerospace, chem-
ical industry, and other fields. With the development of society, the environmental
protection requirements for vanadium extraction from vanadium slag are becoming
higher and higher. “High efficiency, clean, and high purity” is the research direction
of vanadium extraction process from vanadium slag in the future. At present, vana-
dium extraction from vanadium slagmainly includes sodium roasting-water leaching
process [2] and calcification roasting-acid leaching process [3, 4]. The most widely
used process is sodium roasting-water leaching process, which has high vanadium
yield but some environmental pollution problems. The calcification roasting-acid
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leaching process is relatively clean [3, 5], but the vanadium yield is slightly lower
than that of the sodium roasting process.

Roasting and leaching are the two most important stages in the process of vana-
dium extraction from vanadium slag. The task of roasting stage is to convert the
vanadium spinel in vanadium slag into soluble vanadate by high temperature recon-
struction [6], while the task of leaching stage is to dissolve soluble vanadate into
solution [7]. However, for the calcification vanadium extraction process, part of vana-
dium spinel failed to form soluble vanadate during the roasting process, resulting in
insufficient vanadium conversion and affecting the subsequent leaching process [8].
In addition, the calcium sulfate precipitate generated by the reaction of calcium
vanadate and sulfuric acid in the leaching process can wrap the solid samples, which
increases the ion diffusion resistance in the leaching process, thus reducing the vana-
dium leaching rate [9]. Therefore, improving the conversion rate of soluble vanadate
in the roasting process and the leaching rate of vanadate in the leaching process are
the key to improve the vanadium recovery [10–12].

In our previous study, it’s found that the leaching efficiency of vanadium can
be significantly improved by roasting with the mixture of CaO and MgO [13–15].
In this study, the feasibility of calcium and magnesium composite roasting process
was analyzed, and the influence of roasting leaching process on the recovery of
vanadium and the change of impurity content in the tailings of vanadium extraction
were studied.

Experimental

The sample of vanadium slag used in this study is produced by Panzhihua Iron and
Steel Co., LTD. The chemical composition is shown in Table 1. The content of SiO2

is 14.51%, CaO is 2.58%, V2O5 is 15.29%, and the mass ratio of CaO/V2O5 is 0.168.
The additives used in roasting process were analytically pure CaO and MgO, with a
purity greater than 99.9%. The water used in the leaching experiment was deionized
water, and the concentration of sulfuric acid was 98%.

The XRD pattern of vanadium slag in Fig. 1 shows that in the vanadium slag,
Fe2TiO4, (Mn, Fe)(V, Cr)2O4, and Fe2SiO4 are the main phases, and Mn2V2O7 and
Ca10V6O25 are the trace phases. SEM images of the vanadium slag in Fig. 1 show
that the vanadium slag is mostly irregular bulk particles with loose structure and
uneven particle size, most of which are small particles, and a few are large particles
with a diameter of about 80 µm.

Table 1 Chemical analysis of the slag (wt%)

Mg Al Si P S Ca Ti V Cr Mn Fe O

1.76 1.84 6.77 0.06 0.09 1.84 8.63 8.57 0.98 5.67 31.00 32.80
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Fig. 1 XRD patterns and SEM images of vanadium slag sample

The vanadium slag sample was mixed with CaO and MgO powder in a certain
proportion, and the mixed vanadium slag sample was obtained by fully mixing in a
planetary ball mill. Then, the mixed sample was roasted at 850°Cin a muffle furnace
for 2 h in a corundum crucible and then removed from the furnace and cooled to
room temperature. Finally, the vanadium slag clinker was ball-milling and sieved to
100% particle size less than 75 µm for leaching.

The leaching experiment was carried out in a three-necked flask. The solution
was heated to 50 °C before adding vanadium slag clinker. The solid–liquid ratio was
maintained at 1:20 (g/mL). The pH of the leaching solution was maintained at 2.5
by continuously adding dilute sulfuric acid. After 60 min of leaching, the slurry was
rapidly filtered, and the concentration of vanadium in the filtrate was analyzed by
ICP-OES to calculate the leaching rate of vanadium.

Results and Discussion

Figure 2 shows the XRD patterns of the calcification roasted vanadium slag and
calcium-magnesium composite roasted vanadium slag. As shown in Fig. 2, the
main phases of the roasted clinker of the two processes are Fe2O3, Fe2TiO5, and
Mn2V2O7. Compared with calcification roasting, the main phases of vanadate in
calcium-magnesium composite roasting clinker i changes from single Ca2V2O7 to a
mixture of Ca2V2O7 and Ca5Mg4V6O24.

The effects of calcification roasting and calcium-magnesium composite roasting
on the leaching rate of vanadium and other impurities in vanadium slag are presented
in Table 2.

Compared with calcification roasting, the leaching rates of Cr and P were signifi-
cantly reducedbycalcium-magnesiumcomposite roasting. Furthermore, the leaching
rate of V increased from 87.32 to 92.43%, the leaching rate of Mn increased from
34.77 to 41.09%, the leaching rate of Cr decreased from 1.55 to 1.12%, and the
leaching rate of P decreased from 23.79 to 17.59%. However, the composite ratio of
calcium and magnesium has little effect on the leaching of iron.
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Fig. 2 XRD patterns of vanadium slag clinker; a calcification roasting; b calcium-magnesium
composite roasting

Table 2 Comparison of element leaching efficiency between calcification roasting and calcium
and magnesium composite roasting (wt%)

Composition (wt%) V Cr P Mn Fe Ca S

Calcification roasting 87.35 1.55 23.79 34.77 0.2 8.12 3.64

CaO-MgO roasting 93.8 1.13 17.59 41.09 0.24 3.83 1.57

The chemical composition of the vanadium extraction tailings is shown in Table
3. Compared with the calcification roasting process, the content of vanadium in
the leached slag decreased significantly after partial replacement of CaO by MgO,
the content of sulfur significantly decreased from 5.53 to 2.02%, and the content
of Ca directly decreased from 5.83 to 2.74%. However, the content of Mg signif-
icantly increased from 0.90 to 2.25% in the leached slag. Furthermore, the yield
of the vanadium extraction tailings can be decreased from 92.5 to 89.6% by the
calcium-magnesium composite roasting process due to the reduction of calcium
sulfate production. Such kind of vanadium extraction tailings can be returned to
the sintering process of iron making, so that the harmless treatment of vanadium
extraction tailings can be realized.
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Fig. 3 XRD patterns of the vanadium extraction tailings by different processes. a Calcification
roasting; b calcium-magnesium composite roasting

The XRD patterns of the extraction tailings of calcification roasting and calcium-
magnesium composite roasting clinker are shown in Fig. 3. The main phases of the
vanadium extraction tailings are still Fe2O3 and Fe2TiO5. After leaching, the diffrac-
tion peaks of Ca2V2O7, Mg2V2O7, and Mn2V2O7 are disappeared as the dissolution
of vanadates. The intensity of the diffraction peaks of CaSO4·0.5H2O in the leaching
residue of calcification roasted vanadium slag, while the intensity of CaSO4·0.5H2O
diffraction peaks in the leaching residue of calcium-magnesium composite roasted
vanadium slag. This further indicates that the concentration of calcium sulfate in the
leached slurry can be greatly reduced by calcium-magnesium composite roasting
process.

Conclusions

The following conclusions can be drawn from the present investigation:

(1) Compared with the calcification roasting process, the content of vanadium
in the vanadium extraction tailings can be reduced from 2.25 to 0.52% by
calcium-magnesium composite roasting, which realized the efficient leaching
of vanadium.
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(2) The calcium-magnesium composite roasting process also significantly reduced
the dissolution efficiency of impurities, that is conducive to subsequent
vanadium precipitation process.

(3) Compared with the traditional calcification process, the contents of S and Ca
in vanadium extraction tailings are reduced by nearly 50%, and the yield of
tailings is reduced by 3%. Such kind of vanadium extraction tailings can be
returned to the sintering process of iron making, so that the harmless treatment
of vanadium extraction tailings can be realized.
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The Behaviour of Minor Metals in BOF
Slag Under Different Additives

G. Haslinger, M. Leuchtenmüller, and S. Steinlechner

Abstract In the basic oxygen furnace (BOF) steelmaking process, large quantities
of slag are generated, which are sometimes used as by-products. However, in many
cases, BOF slag is landfilled and thus seen as waste. Typically contained elements
are chromium, manganese, and phosphorus aside from the main slag formers, such
as oxides of iron, calcium, and silicon. Following sustainability goals, a major target
is the recovery of these elements by modifying the phase formation during cooling
to generate artificial minerals which are separable in a subsequent beneficiation step.
The paper describes investigations on the formation of mineral phases depending on
the additives Al2O3 and TiO2 during slag cooling. The results are compared with
the thermodynamic calculation program FactSage. In addition, the enrichment of
valuable metals in mineral phases was evaluated with EDXmappings of the scanning
electron microscope.

Keywords BOF slag · Artificial minerals · Slag modification · Thermodynamic
calculations

Introduction

Pig iron from the blast furnace is treated in the basic oxygen furnace converter
(BOF) to produce steel in the primary steelmaking route. Here, 99% pure oxygen is
blown onto the hot metal at supersonic speed with a lance. This oxygen reacts with
the dissolved carbon to carbon monoxide and carbon dioxide. Other undesirable
elements, such as Si, Mn, and P, are oxidized. Besides pig iron, input materials like
scrap for cooling and dolomite or lime as slag formers are added [1]. The critical role
of the scrap is to cool the system and prevent it from overheating. It is also used as a
secondary iron source.With the scrap, impurities like Cu, Ni, As, Pb, Sn, Sb,Mo, and
Cr are added to the system [2, 3]. The input charge of the BOF consists of 10–20%
steel scrap and 80–90% molten iron [3–5]. The CaO in the lime and dolomite forms
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the slag together with the oxides SiO2, P2O5, MnO, and FeO produced during the
process [6]. The tapping is the process’s end, where the crude steel is charged through
the tapping hole into a steel ladle and then the slag is charged into a slag ladle via the
charging opening [7, 8]. This process produces 100–200 kg of slag per tonne of crude
steel [9]. With global steel production of 1.380 billion tonnes via the BOF route in
2021, an enormous quantity of BOF steel slag is generated [10]. The major chemical
constituents of BOF slag are CaO 45–60%, SiO2 10–15%, Fe2O3 3–9%, MgO 3–
13%, and FeO 7–20%. These four compounds form more than 80% of the chemical
composition [11, 12]. Minor amounts of Al2O3 1–5%, P2O5, Cr2O3, MnO, and TiO2

are also present, originating from the scrap [13–17]. Depending on the steel grade
made and the rawmaterials used, these oxides occur in different concentrations [18].
X-ray diffraction (XRD) analyses reveal the mineralogical composition of BOF slag,
whereby the broad spectrum shows the complexity [19, 20]. Predominant mineral
phases C2S, C3S, wustite (FeO), and free lime are also revealed. Furthermore, a
MgO-FeO-MnO phase (RO phase) is present [21]. Table 1 gives an overview of the
mineralogical phases in BOF slag.

The mineralogical phases dicalcium silicate (C2S), tricalcium silicate C3S, tetra-
calcium aluminoferrite (C4AF), and beta-dicalcium silicate (b-C2S) enable cementi-
tious properties to BOF slag [11, 32, 33]. These mineral phases are essential compo-
nents of hydraulic binders such as cement [28, 34, 35]. The C2S and C3S phases are
generally the major active parts of steel slags. However, the proportion in BOF slags
ismuch lower than in cement, making their hydration rate lower [11]. In conventional
cement, the C3S phase is the most active, but it is less present in the slag. During
the slow cooling of the slag, most of the C3S decomposes, which also reduces the
C3S content in the metastable state. Synchronously, during cooling and crystalliza-
tion, the more active b-C2S transforms into the less active c-C2S. This fact leads to
BOF slag being less hydraulically active than cement. The presence of tricalcium
aluminate (C3A) also increases the hydraulic activity of the slag [22]. The wustite
(FeO) phases do not react with water, so it behaves inertly. If high iron content is
present, the hydraulic properties of the slag are reduced [25]. However, MgO forms
a wustite type solid solution (Mg, Fe, Mn)O called the RO phase during cooling [25,
36]. The free CaO content in BOF slags can range from 1–10 wt%; the free MgO is
less than 2 wt% [25, 37]. The free MgO and CaO hydrate with water to Ca(OH)2 and
Mg(OH)2, leading to a volume expansion of 91.7% for CaO and 119.6% for MgO.
These reactions are topochemical; the hydroxides expand outwards, causing stresses
and micro-cracks in the slag pieces, which leads to a loss of strength [38].

Adding Al2O3-containing materials allows CaO and FeO to be built into calcium
aluminoferrite, such as C4AF and C6AF2 [39]. Therefore, it is possible to transform
a harmful mineral phase into a strength-giving compound by oxidation and modi-
fication of the slag [39, 40]. Also, Al2O3 builds a spinel phase with FeO and MgO
[41]. During slow cooling from 1400–1000 °C, Fe2O3 forms together with FeO resp.
MgO magnetite Fe3O4 and magnesioferrite MgFe2O4 [41]. Since Cr is present in
the slag in minimal quantities, it is suitable to crystallize it together with Fe and
Mg in spinels [13, 14, 16, 17]. In stainless steel slag, the entire Cr2O3 crystallizes
together with Al2O3, FeO, and MgO in a spinel structure [42, 43]. On the one hand,
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Table 1 Mineralogical phases in BOF slag [21]

Mineral
name/trivial name

Chemical CCN References

Akermanite Ca2MgSi2O7 C2MS [22]

Alite Ca3SiO5 C3S [6, 15, 18, 22–28]

Brownmillerite Ca2Fe2O5 C2F [23, 24]

Calcite CaCO3 Cc [15, 23, 25, 29]

Calcium ferrite CaFe2O4 CF [26, 27]

Dicalcium
aluminoferrite

2CaO(Al, Fe)2O3 C2AF [29]

Dicalcium
aluminosilicate

Ca2Al2SiO3O12 C2AS [28]

Dicalcium ferrite Ca2Fe2O5 C2F [6, 15, 18, 22, 24, 25, 27, 30]

a, b, c -Dicalcium
silicate

a, b, c-Ca2SiO4 a, b, c-C2S [6, 18, 22, 23, 25, 26, 28]

Dicalcium
silicate-calcium
phosphate

Ca2SiO4–Ca3(PO4)2 C2S*C3P [27]

Dolomite Ca, Mg(CO3)2 C, Mc [24, 30]

Hematite Fe2O3 F [6, 18, 23]

Lime CaO C [18, 22–25, 27, 28, 30]

Manganoan calcite (Ca, Mn)CO3 Cc [24, 30]

Magnesium iron
oxide

Mg0.239Fe0.761O [23]

Magnetite Fe3O4 [25, 27, 28]

Merwinite Ca3Mg(SiO4)2 C3MS2 [24, 30]

Periclase MgO M [25, 28, 31]

Portlandite Ca(OH)2 [15, 18, 22–24, 30]

Quartz SiO2 S [25]

RO phase MgO-FeO-MnO solid
solution

[15, 26–28, 31]

Tetra-calcium
Aluminoferrite

Ca4Al2Fe2O10 C4AF [22]

Wustite FeO [23, 25, 27]

enrichment of Cr and Fe should take place with the spinel formation. On the other
hand, the magnetic properties of spinels should be made possible by separating them
from the C2S, C4AF, and the other CaO-heavy phase [41, 44–46]. In the following,
thermodynamic calculations were made to investigate the influence of Al2O3 and
TiO2 as additives on BOF slag. Furthermore, the results were tested in a cooling test.
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Table 2 Chemical analysis of the BOF slag [wt-%]

Al2O3 CaO Cr2O3 MgO MnO SiO2 P2O5 TiO2 FeO Fe2O3 Femet

BOF
slag

1.3 36.4 0.32 8.4 7.4 13.5 1.01 0.37 18.77 10.14 0.39

Material

The investigated slag was obtained from the industry. Table 2 shows the composition
of the slag.

The utilised titanium TiO2 is from ALDRICH with a purity of 99.9%; the
aluminium oxide Al2O3 is from ROTH with a purity of 99%.

Experimental Setup

The first step was to crush and grind the BOF slag. This powder was mixed with the
additives and heated to 1450 °C, where it was maintained for 1 h. These mixtures
increase the Al2O3 or the TiO2 content to 15 wt%. Subsequently the mixture was
cooled down to 1100 °C with a cooling rate of 0.5 K/min, favouring the formation of
crystals [31]. The experiment took place in a nitrogen atmosphere and a corundum
crucible.

Thermodynamic Calculation

The thermodynamic calculations were carried out with FactSage 8.2 in the Equilib
function. FToxid was used as the database [47]. The calculation shows the most
stable phases of the slag composition and the Cr distribution in the range of 800–
1500 °C. The results of the calculation were visualized with a Python code to be
able to compare the individual calculations more quickly. Figure 1a shows the stable
phases with no treatment of the slag. The slag starts to be solidified at 1550 °C,
with MeO_A#1 as the first phase (RO-phase). C2SP and aC2SA solidified in the
second phase, whereby the C2SP phase transforms into Ca7P2SiO16 and bC2SA
at 1050 °C. bC2SA transforms into bredigite (Ca7Mg(SiO4)4) at 1025 °C. The
last solidification of the slag is at 1150 °C, with the phases C2AF and the last RO
phase. At 800 °C, most slag consists of the three main phases, RO, bredigite, and
C2AF. Also, Ca4P2O9 is present. MeO_A#1 and MeO_A#2 are also part of the RO
phase, consisting mainly of FeO, in which MgO, MnO, Cr2O3, Fe2O3, and smaller
amounts ofCaOare dissolved.Thebredigite phase transforms intoC2Sabove500 °C.
Figure 1b shows the distribution of Cr in the slag system. At 1500 °C, most of the Cr
is dissolved in the liquid slag. At 1100 °C, the entire Cr is in the RO phase. Figure 2a
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is the slag for which the TiO2 content was calculated at 15%. Due to TiO2, about
17% spinel is present at 800 °C in addition to the bredigite, RO phase, and C2AF.
This consists of SPINB#1 and SPINB#2, which differ in chemical composition.
In SPINB#1, more Fe2O3 is present, and the Al2O3 content is only 2%, while in
SPINB#2, the main phase is Al2O3. The Cr is mainly in the spinels dissolved, with
a small amount in the RO phase. Figure 3a shows the slag with 15% Al2O3. Here, at
800 °C, the main phases are bredigite, C2AF, and RO. Only a low amount of spinel
phase is present. Half of the Cr is distributed on the spinel, and the other half on the
RO phase.

Fig. 1 a Stable phases of the original slag, b Cr-distribution
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Fig. 2 a Stable phases of the slag with 15% TiO2, b Cr-distribution

Results

For the characterization, a JEOL JSM IT-300microscope was used. EDXwas used to
identify the element distribution of mineral phases. The magnification of the images
is×1000. All elements are present in oxide form. Figure 4a shows aBSE image of the
BOF slag with 15% TiO2 together with EDX images of the chemical composition.
There are three main phases:

• A spinel of the metal oxides of Fe, Al, Mn, and Mg
• A Ca, Si, Al matrix
• A Ca phase with Ti.
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(a)

(b)

Fig. 3 a Stable phases of the slag with 15% Al2O3, b Cr-distribution

Cr cannot be assigned to any phase. P is dissolved in the matrix but occurs in
higher concentrations with Ca and Si without Al.

Figure 4b shows the BOF slag with 15% Al2O3. Here, four main phases are
recognizable:

• A Fe, Mn, Mg, and Al spinel phase predominates in which Fe content is high?
• A small Fe-, Mn-, Mg-, Al-spinel phase, in which less Fe is present
• A Ca-poor, Al-rich matrix
• A Ca-rich, Al-poor matrix with Si.

Cr and Ti are in the Fe-rich phase, and P is again only present together with Ca.
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Fig. 4 a slag with 15% TiO2, b slag with 15% Al2O3

The spinel phases can be recognized in Fig. 4a, b due to their characteristic
sharp-edged shape.

Conclusion

The thermodynamic calculations showed that during the treatment of the BOF slag
with the additives TiO2 and Al2O3, spinels were formed to a certain extent. These
spinels could be confirmed in both cases. In the case of TiO2, however, contrary
to the calculations, only one spinel fraction was detected, whereas, in the case of
Al2O3, a Fe-rich, as well as a Fe-poor spinel fraction, was detected. Cr could not be
assigned to any phase in the experiments with TiO2. With Al2O3 on the other hand,
it is dissolved in the Fe-rich spinel fraction. Furthermore, the calculations showed
enrichment of P in the C3P phase, both for TiO2 and Al2O3. In both cases, the matrix
was formed from the oxides of Ca, Si, and Al, whereby a second matrix without Si
is present in the case of the Al2O3 addition.
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