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Preface

Professor Patrick R. Taylor is the George S. Ansell Endowed Chair Professor of
Chemical Metallurgy and Director of the Kroll Institute for Extractive Metallurgy
at the Colorado School of Mines. He is an active member of TMS and has over 45
years of experience in mineral processing, extractive metallurgy, recycling and waste
minimization, engineering, research, teaching, and consulting. He has published
numerous papers and given invited presentations in over 13 nations and holds 9
patents. He has advised and mentored over 100 graduate students and postdoctoral
research associates and served as a consultant for more than 20 companies. Professor
Taylor is a Fellow of ASM International and a Distinguished Member (Fellow) of
SME. He has received several outstanding awards from several societies and organi-
zations including theMilton E.WadsworthAward fromSME, the EPDDistinguished
Lecturer Award, the TMS EPD Distinguished Service Award, and the AIME James
Douglas Gold Medal.

To honor Professor Taylor and his vast contributions to extractive metallurgy,
The Professor Patrick R. Taylor International symposium titled “New Directions
in Mineral Processing, Extractive Metallurgy, Recycling, and Waste Minimization”
was held during the TMS 2023 AnnualMeeting in San Diego, California, USA, from
March 19-23, 2023.

The new concepts and fundamentals, update on reactor design and processes,
industrial practices and developments, and environmental issues which influence
the selection of metallurgical processes are discussed in the scientific papers
published in this proceeding. These issues are discussed relative to new directions in
pyrometallurgy, hydrometallurgy, electrometallurgy, mineral processing, metals and
e-waste recycling, waste minimization and innovations in metallurgical engineering
education and curriculum development.

The editors thank the symposium sponsors Society for Mining, Metallurgy &
Exploration (SME), TMS Extraction and Processing Division, and its committees
of Pyrometallurgy, Hydrometallurgy and Electrometallurgy, Materials Characteri-
zation, Energy, and Recycling and Environmental Technologies. We also thank the
authors for providing the invaluable scientific and technical information contained
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vi Preface

in this book, and session chairs for their keen interest and support in making the
symposium a success.

The lead organizer and editor ProfessorRamanaReddywould like to acknowledge
the assistance and encouragement of Corby G. Anderson, Colorado School ofMines,
Erik D. Spiller, Colorado School of Mines, Edgar E. Vidal, NobelClad, Camille
Fleuriault, Eramet Norway, Alexandra E. Anderson, Gopher Resource, Mingming
Zhang, BaowuOuyeel, ChristinaMeskers, SINTEF, andMark Strauss, AquaMetals,
Inc., who were very helpful in numerous areas, particularly in soliciting invited
papers, organizing sessions, and reviewing and editing the manuscripts.

Finally, we thank TMS Headquarters, particularly Patricia Warren, Kelly Markel,
Trudi Dunlap, and James Robinson who made it possible to organize the symposium
and publish the papers in the book New Directions in Mineral Processing, Extractive
Metallurgy, Recycling and Waste Minimization: An EPD Symposium in Honor of
Patrick R. Taylor.

Dr. Ramana G. Reddy
Lead Organizer
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About the Honoree

Patrick R. Taylor is a registered professional engineer
with over 45 years of experience in mineral processing,
extractive metallurgy, recycling, and waste minimiza-
tion; engineering, research, teaching, and consulting.
He grew up in West Denver and served in the US
Army inVietnam.He then attended theColorado School
of Mines (B.S. Mathematics 1974, B.S. Metallurgical
Engineering 1974, and Ph.D.Metallurgical Engineering
1978). He began his professional career at the Univer-
sity of Idaho in 1977. He progressed through the various
positions and was the Department Head his last five
years (1995–2000). He then joined the University of
Tennessee where he was head of the Material Science
and Engineering Department (2000–2002). In 2002, he
accepted the offer to be the George S. Ansell Endowed
Chair at the Colorado School ofMines (2002–2022). He
directed theKroll Institute for ExtractiveMetallurgy. He
was part of the team that helped develop the Center for
Resource Recovery and Recycling as well as the CSM
part of the Critical Materials Institute.

Dr. Taylor has worked or given invited presentations
in Canada, Mexico, Peru, Venezuela, Argentina, Chile,
Bolivia, Colombia, Brazil, India, England, Turkey, and
Egypt. He is experienced and trained in pyrometallurgy,
hydrometallurgy, and mineral processing. He has been
responsible for lab work, pilot plant work, research,
and process development for mineral processing, and
extractive metallurgy processes related to a wide variety
of metals. He has authored or co-authored numerous
papers and presentations and holds nine patents. He
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has served as a consultant for more than 20 compa-
nies and has been an expert witness. He has directed
research for more than 100 graduate students and post-
docs. He has taught extractive metallurgy and mineral
processing university courses for the past 45 years. He
has developed and taught ten short courses to industry.
He wrote professional engineering exam questions for
25 years.He is active inmany professional organizations
including participation in SME (fellow), TMS, ASM
(fellow), and MMSA.

In 1982, he was named Outstanding FacultyMember
in the College of Mines at the University of Idaho.
In 1985, he was the organizing chairman, TMS Fall
Meeting for Process and Extractive Metallurgy: Intl.
Symposium on the Recycle and Secondary Recovery of
Metals. In 1990, he was named Distinguished Faculty
Member at the, University of Idaho. In 1994 he received
the Research Excellence Award from the University of
Idaho. In 1996, he was named Fellow of ASM Interna-
tional. In 2003, he received the Milton E. Wadsworth
Award from SME. In 2004, he was the TMS Extrac-
tion and Processing Division Luncheon Speaker. In
May 2006, he was the CSM Alumni Association MME
Graduating Senior Outstanding Faculty Member. In
December 2006, he was the CSM Alumni Associa-
tion MME Graduating Graduate Student Outstanding
Faculty Member. In 2006, he was the TMS Extrac-
tion and Processing Division Distinguished Lecturer.
In 2008, he was a co-organizer and co-editor of the
SME5th International Hydrometallurgy Symposium. In
2008, he was named a Distinguished Member (Fellow)
of SME. In 2009, he was a co-organizer and co-editor of
the SME Fall meeting, Mineral Processing Plant Design
2009. In 2010, he received the TMS EPD Distinguished
Service Award. He received the AIME James Douglas
Gold Medal in 2013. In 2017, he was a co-organizer of
the symposium “Applications of Process Engineering
Principles in Materials Processing, Energy, and Envi-
ronmental Technologies” TMS. He was elected to the
University of Idaho’s Academy of Engineers in 2017.
He was selected to be interviewed for the AIME Oral
Histories program in 2018. Along with his graduate
students (Tom Boundy), he received the TMS Light
Metals/Extraction and Processing Subject Award—
Recycling, 2019.Alongwith his graduate student (Vivek
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Kashyap), he received the Taggart Award for the best
paper in mineral processing from SME/MPD in 2021.
He received the Industry Involvement award from CSM
in 2021. He was named Emeritus Ansell Distinguished
Professor of Chemical Metallurgy at CSM in 2022.
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Development of Ironmaking Technology
by the Direct Gaseous Reduction of Iron
Concentrate

Hong Yong Sohn

Abstract Considering the two most important issues the ironmaking industry faces
today, i.e. energy consumption and greenhouse gas emissions, it would be advan-
tageous to utilize the concentrate-size raw materials directly without pelletizing or
sintering, especially without the use of coke. This plenary lecture describes two such
processes developed at the University of Utah. One is the Flash Ironmaking Tech-
nology (FIT), and the other is a moving-bed process for continuous ironmaking
with gaseous reduction of iron ore concentrate (MBIT). These technologies are
designed to produce iron directly from iron concentrate without requiring pelleti-
zation/sintering and cokemaking. They take advantage of the high reactivity of the
concentrate particles and will significantly reduce energy consumption and carbon
dioxide emissions compared with the current processes. The process of the develop-
ment from the conception of the idea, to kinetic feasibility establishment, and to the
operation of a prototype facility will be discussed.

Keywords Flash ironmaking technology (FIT) ·Moving-bed ironmaking · Carbon
dioxide · Concentrate · Hydrogen ·Magnetite · Natural gas · Pilot plant ·
Reformerless · Energy consumption · Sohn’s law

Introduction

Primary steel is produced from iron oxide minerals through the integrated produc-
tion using blast furnace (BF), combined with subsequent refining steps such as basic
oxygen furnace (BOF), or by direct reduction (DR) process, combined with subse-
quent steelmaking steps such as electric arc furnace (EAF) treatment. Steel is also
made from scraps through the EAF steelmaking process.

The integrated steelmaking process involves many steps, emits a great deal of
carbon dioxide, and requires a large amount of energy compared with steelmaking
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from scraps. However, integrated steelmaking will remain the major steel producing
route for a long time. This is because most steel products last for decades, before
they become scrap and there are insufficient amounts of scrap to meet the rapidly
increasing demand for steel.

Raw materials preparation consumes much energy and emits a large amount of
CO2 gas. The U.S. emitted 55MMTCO2 from iron and steel production in 2014 [1].
Pelletizing, sintering, and cokemaking processes emit ~20% of the total CO2 in the
BF-BOF route and the BF contributes ~70%.

According to the above discussion, the two most critical issues that the steel
industry currently faces are energy consumption andgreenhouse gas emissions. Large
amounts of energy are consumed in the sintering/pelletizing steps and cokemaking,
which are also responsible for much carbon dioxide emissions. Up to ~70% of iron
production in the U.S. currently depends on magnetite concentrate produced from
the low-grade taconite ore. Further, there is a trend to upgrade even reasonably high-
grade iron ores up front to remove bulk of impurities before reduction. This required
grinding the ores to concentrate-size particles.

It would then be advantageous to utilize the concentrate-size rawmaterials directly
without pelletizing or sintering, especially without the use of coke. This plenary
lecture describes two such processes developed at the University of Utah. One is the
Flash Ironmaking Technology (FIT) [2–8], and the other is a moving-bed process for
continuous ironmaking with gaseous reduction of iron ore concentrate (MBIT) [9].

Flash Ironmaking Technology (FIT)

The Flash Ironmaking Technology (FIT) is based on the reduction of iron oxide
concentrates by gas in a flash reactor. This technology utilizes hydrogen or natural
gas as a fuel as well as reducing agent. The development of FIT started from the
kinetic feasibility determination to the laboratory flash furnace work and finally the
tests in a pilot plant. Process simulation and economic analysis on the new process
were also performed.

A sketch of the Flash Ironmaking process is shown in Fig. 1. A gaseous fuel is
partially oxidized with industrial oxygen to generate a reducing gas at 1600–1900 K.
Iron ore concentrate is fed from the top, and the reduced iron product can be collected
as a solid powder or as a molten bath for direct steelmaking.

Natural gas is plentiful in the U.S. and could easily supply potential ironmaking
based on the FIT. Hydrogen would be cleaner once the hydrogen economy is
developed.

The development of the FIT started with the establishment of sufficient kinetic
feasibility, considering the fact that there are only a few seconds of residence time
available in a typical flash reactor. Upon the establishment of the kinetic feasibility,
a laboratory flash reactor was tested, which was followed by a pilot-scale reactor test
program.
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Fig. 1 A sketch of a direct steelmaking process based on the Flash Ironmaking Technology (FIT)
(Adapted from Sohn and Choi [10])

Reduction Kinetics of Magnetite Concentrate Particles

Magnetite concentrate from a taconite ore of theMesabi Rangewas used in this study.
Sohn and coworkers [11–16] investigated the reduction rates ofmagnetite concentrate
under the conditions of the FIT. The results were expressed by the following equation
for component gases H2 or CO:

dX

dt

∣
∣
∣
∣
j

= k j ·
[

p
m j

j −
(
p jO

K j

)m j
]

· n j (1− X)[−Ln(1− X)]
1− 1

n j · d−s j
p ;

j = H2 or CO

(1)

where kj is the reaction rate constant for gas j, k j = ko, jexp
(

− E j

RT

)

; pj is the partial

pressure of gas j; Kj is the equilibrium constant for the reduction of FeO by gas j;
m j is the reaction order with respect to gas j; nj is the Avrami parameter; d

−s j
p is the

particle size dependence; and X is the fraction of the total removable oxygen in the
concentrate particles removed by the reaction.
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Table 1 Kinetic parameters for reduction of magnetite concentrate by each component gas

Reducing
gas, j

Temperature
range (K)

ko, j Ej (kJ/mol) mj nj sj

H2 1423–1623 1.23× 107 atm−1 s−1 196 1 1 0

1623–1873 6.07× 107 atm−1·s−1·
µm

180 1 1 1

CO 1423–1623 1.07× 1014 atm−1 s−1 451 1 0.5 0

1623–1873 6.45× 103 atm−1·s−1·
µm

88 1 0.5 1

The relevant kinetic parameters are given in Table 1. The reader is referred to the
original papers [11, 13, 14, 16] for other details of the rate measurements and data
analyses.

When magnetite concentrate is reduced by a mixture of H2+CO, the CO enhances
the rate of reaction between H2 and iron oxide. This is most likely due to the effect of
CO on themorphology of the reduced iron by forming whiskers, which was observed
in a separate study [17]. Taking this into consideration, Fan et al. [13] developed the
following rate expression.

The complete rate equations for magnetite concentrate reduction by a H2+CO
mixture at 1423 K (1150 °C)–1623 K (1350 °C) and 1623 K (1350 °C)–1873 K
(1600 °C) are given, respectively, as:

dX

dt
=

(

1+ 1.3 · pco
pco + pH2

)

· dX
dt

∣
∣
∣
∣
H2

+ dX

dt

∣
∣
∣
∣
CO

1423K < T < 1623K (2)

dX

dt
=

[

1+ (−0.01T + 19.65) · pco
pco + pH2

]

· dX
dt

∣
∣
∣
∣
H2

+ dX

dt

∣
∣
∣
∣
CO

1623K

< T < 1873K

(3)

where dX
dt

∣
∣
H2

and dX
dt

∣
∣
CO

represent the rates of reduction individually by H2 and CO,
respectively, obtained from Eq. (1) with the parameters listed in Table 1.

These kinetics measurements confirmed the fact that a few seconds of residence
time in a flash reactor at temperatures of 1473 K or higher are sufficient to reduce
iron ore concentrate.

Tests in a Laboratory Flash Reactor

Tests were then performed in a laboratory flash reactor shown in Fig. 2 [18, 19], based
on the partial oxidation of methane, generating H2+CO mixtures, and/or hydrogen
with oxygen. The heating was supplemented by electrical heating.
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Fig. 2 The Utah laboratory flash ironmaking reactor (I.D. 0.19 m and height 2.13 m) (Adapted
from Sohn et al. [3])

In these tests, a number of aspects that are relevant to the operation of an industrial
flash ironmaking reactor were investigated. In addition to the effects of the main
operating conditions of temperature and gas composition, other important features
such as the position of concentrate feeding relative to the flame and the configuration
of the flame in terms of the injection of fuel vis-à-vis that of oxygen were evaluated.
For details of the significant test results, the reader is referred to the published articles
by the author and coworkers [3, 18, 19].

In addition to the experimental test work, a CFD simulation model of the labo-
ratory flash reactor operation was also developed to analyze and interpret the
experimental results [18, 19].

The test work in the laboratory flash reactor confirmed the technical feasibility
of ironmaking by the in-situ partial oxidation of natural gas or hydrogen in a flash
reactor and established a number of useful operating conditions.

Design, Installation, and Operation of a Pilot-Plant Scale
Flash Reactor

The laboratory flash reactor work was followed by the installation and operation of
a Pilot Flash Reactor run at 1200–1550 °C with a solid feed rate of 1–7 kg/h, shown
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Fig. 3 The pilot plant with a flash reactor installed at the University of Utah (Adapted from
Elzohiery [20])

in Fig. 3. In this reactor, natural gas was used as the fuel/reducing gas instead of
methane, as would be in an industrial flash ironmaking process.

This Pilot Flash Reactor system was designed to be fully computer-controlled
with an emphasis on numerous safety aspects as well as high levels of operational
control features. The facility consisted of a main reactor vessel, various burners, a
quench tank for product collection, a stack, a concentrate feeding system, an off-gas
analyzer, and human-machine interface for computer control and inputs from various
sensors.

The reactor roof housed an opening for the main burner and a separate preheat
burner with a pilot flame and provided a number of ports for gas and solid feeding as
well as an emergency off-gas conduit equippedwith a rupture disc. The configuration
of the main burner in terms of injecting natural gas and oxygen was designed based
on what was learned from the laboratory flash reactor.

The Human Machine Interface (HMI) consisted of the main PLC and a PC. The
operator monitored all parts of the facility and ran the reactor through the computer
to which the main PLC continuously fed information. All the safety and emergency
procedures relied on the PLC. Details of the facilities and operation of the Pilot
Reactor are described elsewhere [3].

Results from Pilot Flash Reactor Runs

The experiments in the pilot plant were performed at different temperatures and
reducing powers of the gas with the aim of obtaining enough data for designing the
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industrial flash reactor. The results from the Pilot Flash Reactor runs were reported in
Elzohiery [20]. The results showed good reproducibility within±5% of the average
reduction degree by repeating the same experiment at least 3 times. This represents
a very high degree of reproducibility, considering the complexity of the operation
and design of this large unit.

These results were used to develop a CFD model that would be used to optimize
the operating conditions and reactor sizes to be used in an industrial reactor [5].
Different experimental runs were designed and made in this reactor to yield a range
of reduction degrees, deliberately at less than complete reduction, to better examine
the effects of the operating conditions and validate the CFD model.

CFD Simulation of the Pilot Reactor Operation

The same CFD model for the laboratory flash reactor discussed above was used for
the pilot reactor runs [5]. The run conditions used for CFD simulation and the results
are compared with the experimental results in Table 2.

The CFD model predicted the H2 and CO concentrations within 93% accuracy
for most runs. The experimental values of % reduction are compared with the CFD
results in Table 2. The reduction degrees agree well for the first three runs. The
agreement is not as good for the last three runs. The reason for this is likely to be
because of the neglect of particle interactions for Runs 4–6. The temperature of the
particle-gas stream in the main reaction zone was largely uniform, and this value is
used to represent the reactor temperature. These runs had higher ratios of oxygen to
natural gas and thus higher temperatures than the other runs, above 1577 °C, which
is higher than the melting point of iron at 1538 °C. Particle agglomerates together
more readily at these high temperatures, as shown previously during flash smelting
of copper [21]. This might have caused lower reduction rates in the actual cases than
in the simulation. This points to the need for improving the CFD model to account
for particle coalescence at high temperatures.

The temperature of the particle-gas stream in Run 1 was also above 1577 °C, but
the solid feed rate in this run was only about one-half of the values in Runs 4–6. The
lower solid feed rate in Run 1 together with the fact that portions of the particles
usually get stuck on the wall significantly lowered the possibility of particles in the
gas stream to agglomerate in Run 1.

Process and Economic Analysis of Flash Ironmaking
Technology

Based on the potential advantages of the new technology and the results of the process
feasibility studies, process and economic analyses have been performed [7, 8, 22,
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23]. The results of these analyses indicated that the new ironmaking technology will
consume up to 44% less energy than the blast furnace when the former is run in the
reformerless mode, i.e. direct partial combustion in the reactor, and it will emit up
to 51% less carbon dioxide. When hydrogen is used, the proposed process would
consume up to 60% less energy with little CO2 emissions. However, it is noted that a
more accurate comparison must include the energy consumption and CO2 emissions
for the production of natural gas, hydrogen, or coal.

An economic feasibility analysis [23] indicated that the new technology using
natural gas with in-situ partial combustion would be economical at this time, owing
to the small capital and operating costs as well as the low price of natural gas. The
sensitivity analysis performedon the estimatedNPV indicated that the price of natural
gas affects the NPV most strongly. These economic analyses point to the fact that
the proposed ironmaking technology would be economically feasible at this time if
it is operated using natural gas.

Summary on Flash Ironmaking Technology

The overall process of developing a novel Flash Ironmaking Technology (FIT) has
been described in this article.

Rate equations for the reduction of iron ore concentrate by hydrogen, carbon
monoxide, and a mixture of the two formulated in this work established the funda-
mental feasibility of the concept of the flash ironmaking and form the basis of the
design of a reactor to realize the process. Scale-up experiments were performed in a
laboratory flash reactor that operated at conditions similar to those of the industrial
flash ironmaking reactor, and >90% reduction degree was obtained at temperature
as low as 1175 °C.

A pilot reactor that operated in the temperature range 1200–1550 °C was installed
and operated to collect the data necessary for scaling up the process to an industrial
scale. This reactor was used to validate the design concept of the Flash Ironmaking
in terms of heat supply, residence time, reduction degree, and the determination
of optimum operating conditions. These tests also identified a number of technical
hurdles. This investigation proved the technical feasibility of the flash ironmaking
technology for large-scale iron production. The results of this work will facilitate the
complete design for the industrial flash ironmaking reactor.

The new technology does not require pellets, sinters, and coke. Instead, it would
produce iron directly from concentrates using natural gas or hydrogen. As a result,
the energy consumption is expected to be up to 44% less than that for the average
blast furnace process when the Flash Ironmaking Technology (FIT) is operated with
natural gas in the reformerless mode, i.e. in-situ partial combustion, and it will emit
up to 51% less carbon dioxide. When hydrogen is used, the proposed process would
consume up to 60% less energy with little carbon dioxide emissions.
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Moving-Bed Ironmaking Technology (MBIT)

Anovel horizontalmoving-bed ironmakingprocess has beendeveloped at theUniver-
sity ofUtah. This process uses iron concentrate directlywithout sintering or pelletiza-
tion and reduces it with hydrogen in the temperature range of 500–1000 °C. Thework
started with the determination of the particle kinetics, which was then combined with
diffusional effect to analyze the reduction rate of a particle bed. Based on the kinetics
formulation, a mathematical model of the furnace for the proposed technology was
developed for a modest industrial ironmaking operation designed to produce iron at
a rate of 0.1 million tonnes per year (Mtpy).

Process Concept

The Flash Ironmaking Technology (FIT) described above requires an operating
temperature of 1300–1600 °C and could produce either solid-phase iron or molten
hot metal. Further, it is thought to be more suitable for a large-scale ironmaking
plant. For medium-level steelmaking operations, sponge iron produced at a lower
temperature would make a suitable feed. Even in the latter case, direct use of iron
concentrate with its high reactivity would be advantageous. Based on this reasoning,
a process using a moving-bed reactor has been developed [9].

Configuration of a Horizontal Moving-Bed Furnace

The furnace to be used for the proposed process would continuously carry iron
concentrate placed as a layer on a moving grate in a counter-current flow with the
reducing gas. A sketch of such a counter-current moving-bed reactor is shown in
Fig. 4.

The evaluation of the feasibility of such a moving bed for direct reduction of
iron concentrate requires a quantitative information on the kinetics of reduction of
concentrate particles in the anticipated temperature range, that of a particle bed
including diffusional effects, and finally a mathematical model of the moving-bed
reactor.

Fig. 4 Sketch of a
counter-current horizontal
moving-bed reactor
(Adapted from Roy [24])
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Hydrogen Reduction Kinetics of Concentrate Particles

The reduction kinetics of iron ore concentrate particles were measured in the temper-
ature range expected for the proposed process using a thermogravimetric analysis
(TGA) unit [24].

The rate equations for the hydrogen reduction of iron concentrate, formulated
from the experimental data, are given for different temperature ranges, as follows:

In the range 800–1000 °C,

[−Ln(1− X)]1/1.5 = 9.99× 103 × exp

(

−125, 100

RT

)

× (

pH2 − pH2O/K
) × t

(4)

In the range 650–800 °C,

[−Ln(1− X)]1/1.5 = 2.25× 10−5 × exp

(
6430

T

)

× (

pH2 − pH2O/K
) × t (5)

In the range 500–650 °C,

[−Ln(1− X)]1/1.5 = 1.79× exp

(

−33, 500

RT

)

× (

pH2 − pH2O/K
) × t (6)

where X is fractional conversion of iron oxide, R is 8.314 J mol−1 K−1, T is in K, p
is in atm, and t is in seconds. It is noted that the rate decreased with temperature in
the range 650–800 °C. This phenomenon has been observed previously [25] for iron
oxide reduction.

The iron is refined in the steelmaking step, and thus, the iron just needs to be
reduced to a degree of 90% or higher.

Incorporation of Interparticle Diffusion in the Rate Analysis

To determine and incorporate such diffusional effects, experiments were performed
with deeper beds of concentrate of predetermined depths [24]. The experimental data
were converted to a closed-form X-t relation using Sohn’s law of additive reaction
times [26–28] that is applicable under the general conditions of mixed control.

A good agreement was found [24] between the experimental data and the results
from the application of Sohn’s Law, which renders unnecessary numerical solution
of the differential equations.
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Design of a Horizontal Moving-Bed Furnace

Model Formulation

The model is formulated based on the configuration of the counter-current moving-
bed reactor presented in Fig. 4. The details of the model formulation can be found
elsewhere [24]. Here, the final result of the formulation that relates the reactor length
to all other reactor parameters and operating conditions is presented, as follows:

L = C1C4

X0∫

0

C2(1− X)−1(−Ln(1− X))1/n−1 + C3X

C1 + X − X0
dX (7)

where C1 = Gg

4Gs

(xA0−xC0/K )

1+1/K ; C2 = 1
nk0P(xA0−xC0/K )

; C3 =
4(1−εP )ρB

De

(
Vp

Ap

)2
RT (1+1/K )

P(xA0−xC0/K )
; and C4 = Gs

ρB (1−εP )(1−εv)
.

In the above equations, Xo is the final value of X at the gas entrance; Gg and Gs

are, respectively, the total input rate per unit-cross-sectional area of the reactor of gas
(including hydrogen, water vapor, and inert gas, if any) and the input molar rate per
unit-cross-sectional area of the reactor of solid B; K is the equilibrium constant for
wüstite reduction; x is the mole fraction of gaseous species; n = 1.5 is the Avrami
parameter in the nucleation-and-growth kinetics equation; ko is the preexponential
factor in the rate equation; P is the total pressure of the gas phase; εp is the porosity
of the product iron layer; and ρB is the true molar density of B.

Design of Industrial Reactors

An industrial ironmaking reactor, producing 0.1 million metric tons of iron per
year (Mtpy), equivalent to 12.66 metric ton/h assuming operation of 24 h/day and
330 days/year, was designed. The reactorwill produce iron ofX0 = 0.95. The normal-
ized driving force of reducing gas, θ, is set at 0.3 at the gas outlet. The reactor was
assumed to have a width of 5 m and a height of 3 m.

From the kinetics of magnetite reduction, it was found that between 650 and
1000 °C, a bed with a thickness of 1 cm would largely be controlled by diffusion.
Thus, this reactor design selected a bed thickness equal to or greater than 1 cm. For
the purpose of this work, the reactor will have at most 10 layers. For the dimensions
of a horizontal moving-bed reactor to be comparable with other industrial reactors,
the length of the reactor should be under 50 m.

For 0.1 Mtpy production rate, the effects of temperature and bed thickness on
residence time, reactor length, bed speed, and gas velocity are shown in Table 3.
For a given bed thickness, the residence time and the reactor length decreased on
increasing temperature. The bed speed was unaffected by temperature as expected
from the diffusion-controlled reaction conditions. For a given temperature, increasing
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Table 3 Effect of bed thickness and temperature on residence time, reactor length, speed of bed,
and gas velocity for a moving-bed reactor producing 0.1 million tonnes of iron per year

Temperature
(oC)

Bed thickness
(cm)

Residence
time (min)

Reactor
length (m)

Bed speed
(cm/min)

Gas velocity
(cm/s)

1000 1 23.5 5.76 24.5 182

2 92 11.3 12.3 188

5 571 28.1 4.91 211

900 1 28.7 7.03 24.5 182

2 108 13.3 12.3 188

5 661 32.4 4.91 211

650 1 95 23.3 24.5 196

2 371 45.6 12.3 203

5 2303 113.1 4.91 227

the bed thickness resulted in longer residence time, longer reactor length, and slower
speed of moving bed. The demand for gas increased with decreasing temperature as
the composition of hydrogen-water vapor mixture in equilibrium with a wüstite-iron
system became more hydrogen rich. It was found that a reactor with a bed thickness
of 2 cm and 45.6 m long can operate at a temperature as low as 650 °C.

Concluding Remarks on Moving-Bed Ironmaking Technology
(MBIT)

Discussion on the horizontal moving-bed reactor for commercializing the proposed
technology can be summarized as follows:

1. The proposed technology for a modest-scale ironmaking operation producing
0.1 million tonnes per year can be operated at temperatures between 650 and
1000 °C.

2. The design parameters and the operating conditions for the horizontal moving-
bed reactor were established. Due to low operating temperature and elimina-
tion of the pelletization step, lower energy consumption, CO2 emissions, and
maintenance costs are expected.

3. A simple model for a moving-bed reactor was formulated.
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Evaporation of Phosphorus
from FeO-CaO-SiO2-P2O5 Synthesized
Steelmaking Slag by Carbothermic
Reduction

Huafang Yu, Miki Takahiro, Yasushi Sasaki, and Tetsuya Nagasaka

Abstract Phosphorus is an important element for both the agricultural and industrial
sectors, especially within semiconductor and pharmaceutical industries. However,
the resource of phosphorus, and high grade phosphate rock deposits are rapidly being
depleted and finding phosphorus secondary resources turns to be more and more
crucial. Steelmaking slag is considered an attractive phosphorus secondary resource
as it contains relatively high phosphorus content and has a constant supply, rela-
tively fixed composition with minor contamination. The present study used graphite
powder as a reducing agent to reduce FeO-CaO-SiO2-P2O5 synthesized slag into
phosphorus. And in this study, it was clarified that phosphorus could be evaporated
from steelmaking slag by carbothermic reduction at 1573K.During the carbothermic
reduction process of synthesized slag, phosphorus was detected to be distributed
into gas phase, metal phase, and part of it kept in residual slag phase. And partial
phosphorus transferred into the gas phase could be recovered.

Keywords Carbothermic reduction · Steelmaking slag · Phosphorus
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Introduction

Industrial steelmaking slag generally contains CaO, SiO2, FetO, P2O5, and some
other minor compounds. These compounds distribute into two phases in steel-
making slag. One phase is a matrix phase containing FexO with a small amount
of other slag components, and the other phase is solid solution phase consisting
of Ca2SiO4-Ca3P2O8, referred to in this study as (C2S-C3P)ss. Phosphorus always
exhibits remarkable segregation in the form of (C2S-C3P)ss; at the same time, the
iron is found to be enriched in the FetO-based matrix phase (FetO-CaO-SiO2 matrix
phase) [1–6].

Many efforts have been made to recover phosphorus from steelmaking slag by
the carbothermic reduction method, such as the work described by Shiomi et al.
[7]. It is found that most of the phosphorus is recovered in the form of Fe-P alloy
instead of P2 vapor. Meanwhile, they noticed that a large amount of iron oxide is
reduced until the reduction of P2O5 starts and indicated that the recovery of pure iron
instead of Fe-P alloymight be possible. Later, Takeuchi et al. [8] attempted to recover
iron and phosphorus separately from BOF slags through the carbothermic reduction
method by the addition of Fe-Si alloy. The results showed that more than 95% of the
iron and phosphorus were removed from the slags, and about 60% of the reduced
phosphoruswas removed to the gas phase as P2,while the ironwas recovered byFe-Si
alloy addition. Morita et al. [9, 10] investigated the carbothermal reduction behavior
of both synthesized and factory steelmaking slag mixed with graphite powder at a
temperature higher than 1873 K using microwave irradiation. After the microwave
treatment, most phosphorus was recovered as Fe-P-Csatd (Carbon saturated) alloy.
And they found that a higher fractional reductionof iron andphosphoruswas achieved
with a larger amount of carbon used, and an increase of SiO2 content could lead to a
considerable improvement in the reduction of both iron and phosphorus. Nakase et al.
[11] further systemically investigated the effect of the slag composition, including
basicity and FetO content in slag, on the phosphorus separation using a similar
carbothermal reduction method in an induction furnace.

Currently, most of the steelmaking slag is used for the construction of roads,
bridges, ports, and other civil engineering applications [12]. The carbothermic reduc-
tion of solid solution and synthesized slag has been researched; however, the phos-
phorus in the steelmaking slag has not been studied systematically yet [13, 14].
Understanding the effect of FetO on the phosphorus evaporation behavior using the
carbothermic reduction method is of great importance in promoting the recovery and
reuse of phosphorus contained in steelmaking slag.

Therefore, in this research, the recovery of pure phosphorus from pretreatment
slag was verified, and the distribution of phosphorus in the gas phase, metal phase,
and residual slag after carbothermic reduction of steelmaking slag was clarified.
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Fig. 1 XRD peaks of the synthesized FeO

Experimental

Preparation of Synthesized Slag

Preparation of FeO

Reagent Fe2O3 (Wako 1st Grade) was put in an alumina boat and heated in a hori-
zontal resistance furnace. A pure iron sheet was placed in an alumina boat crucible
to prevent Al2O3 from dissolving into raw material. Reagent Fe2O3 was heated up
to 1200 K in an argon atmosphere. Then, a mixture of CO and CO2 gas with a flow
rate of 100ccm for each was used as a reducing agent at 1200 K for 2 h. The gener-
ated material was quenched, and then, XRD analysis was conducted to confirm the
generation of FeO, as shown in Fig. 1. This procedure was repeated several times to
satisfy the amount of synthesized slag.

Preparation of CaO

Reagent CaCO3 (Wako 1st Grade) was put in the Platinum crucible and heated in the
lift furnace. CaCO3 was calcined at 1373 K for 4 h in air. Generated CaO was kept
in a desiccator.
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Table 1 Composition of synthesized slag

Composition/mass% FeO P2O5 CaO SiO2

Slag A 33.33 16.66 38.12 11.89

Slag B 20.00 5.00 57.14 17.86

Slag C 20.00 5.00 55.00 20.00

Slag D 20.00 2.50 59.05 18.45

Slag E 20.00 5.00 52.27 22.73

Preparation of (C2S-40 mol%C3P)ss

Reagent-grade CaCO3 (>mass 99.99%, Kanto Chemical Co.), SiO2 (>mass 99.9%,
Kanto Chemical Co.), and Ca3P2O8 (≥ mass 98.0%, Nacalai Tesque, INC.) were
used as the initial materials to synthesize (C2S-C3P)ss.

Ca2SiO4 powderwas prepared bymixingCaCO3 and SiO2 powder at amolar ratio
of 2 to 1 and pressed into a pellet. The pellet of the mixture was put in a platinum
crucible and heated at 1223 K for 4 h in the air using a MoSi2 resistance furnace.
Then, the generated material was confirmed to be Ca2SiO4 by XRD.

To synthesize (C2S-40 mol%C3P)ss, generated Ca2SiO4 was mixed thoroughly
with Ca3P2O8 at a molar ratio of 6:4 [15]. The mixture was pressed into a disk pellet
and put in a platinum crucible, and heated at 1773 K in air for 48 h with quenching
in helium gas. The procedure, including crushing, mixing, pressing, heating, and
quenching, was repeated twice and conducted to XRD to confirm the formation and
homogeneity of solid solutions.

Preparation of Synthesized FeO-CaO-P2O5-SiO2 Slag

5 kinds of FeO-CaO-SiO2-P2O5 slags were synthesized, as shown in Table 1. Slag A
was prepared based on the previous study [14]. Slag A, B, and D were synthesized
with the same CaO/SiO2, while slag B, C, and E were synthesized with different
Fe/P ratio. The synthesized slags were prepared from a mixture of reagent Ca3P2O8,
reagent SiO2, synthesized FeO, CaO, and a solid solution of C2S-40 mol%C3P. The
mixtures were put in a pure iron crucible inside of a MgO crucible and then heated
at 1673 K for 20 h in a vertical resistance furnace under an argon gas atmosphere.
Synthesized slags were quenched in Helium gas flow.

Carbothermic Reduction Experiment of Synthesized Slag

A 0.5 g synthesized slag was mixed with graphite powder of 2 carbon equivalence
(required carbon amount to reduce the total amount of P2O5 and FeO) and then
pressed into a pellet (ϕ: 10 mm, h: 4 mm). Then, the sample was put into Al2O3
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crucible and heated at 1573 K under 200 ccm of Ar gas flow in a horizontal resistance
furnace. Samples were placed in the center of the heating zone of the horizontal
resistance furnace, and after heating, the samples were pulled away from the center
zone for quenching. Each sample was quenched after being heated for 1, 3, 5, and
7 h, respectively. The analysis methods were as same as the previous research [14].
Based on that, the distribution of P in the gas phase, metal phase, and slag phase of
5 kinds of synthesized slags could be calculated.

Results and Discussion

Distribution of P

Based on the results of weight change, ICP-AES, and SEM–EDS analyses, and
material balance calculation of phosphorus, the phosphorus distribution in the gas
phase,metal phase, slag phase, and theP% in themetal phase of 5 kinds of synthesized
pretreatment slags are shown in Fig. 2.

After the carbothermic reduction experiment, phosphorus gas evaporated from all
5 kinds of synthesized slags, and the phosphorus distribution in the gas phase ranged
from 6.83% to 55.26%.

Among these 5 kinds of synthesized slags, slag A, which has the highest basicity
and lowest molar ratio of [Fe]/[P], has the highest amount of P distribution in the
gas phase. This means about 55.26% phosphorus in the slag was transformed into
phosphorus gas by carbothermic reduction at 1573 K.

Influence of PP2 of Initial Slag

In the previous study [14], it was found that Equilibrium partial pressure of P2 gas in
CaO-SiO2-FeO-P2O5 slag in the reduction with CO-CO2 gas mixture is larger than
other kinds of gases such as Pgas, P4 gas, and PO gas. Thus, most of the produced
phosphorus gas is also assumed to be P2 as a first approximation in this study.

The PP2 of slag with different Fe/P could be achieved. It was assumed that all of
the Fe and P were reduced from the initial slag and dissolved into the metal phase.
In order to clarify the relationship between the evaporation of P and the property of
the initial slag, the P distribution in the gas phase based on PP2 of the initial slag was
made (Fig. 3). According to the results, a higher PP2 of initial slag is beneficial for
phoshorus recovery.
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Fig. 2 Phosphorus distribution in the gas, metal, and slag phases and P/Fe in the metal phase

Conclusions

In the presentwork, themechanismof carbothermic reduction experiement of synthe-
sized slag was clarified. It was found that phosphorus could be evaporated from
steelmaking slag by carbothermic reduction at 1573K, and during the carbothermic
reduction process of synthesized slag, generated P was found to be dissolved into
the metal phase, and then, part of it converted into gas phase. However, further
investigations, especially the quantitative kinetics approach, are certainly required
to implement this process.
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Fig. 3 P distribution in the
gas phase based on PP2 of
the initial slag
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Lead Bleed-Off from Dust of Copper
Smelter

Kifu Matsuura, Satoshi Shibata, and Fumito Tanaka

Abstract There has been a decrease in the grade of copper concentrate, leading to an
increase in impurities load of copper smelter globally. Among such impurities, lead
has a detrimental impact on electrorefining operation causing the passivation of the
anode. Although reductive smelting of dust to produce lead bullion has been known
to be an option of lead bleeding off the copper production circuit, impurities other
than lead included in “dirty concentrate” in recent years may suffer the operations
of lead smelting and successive refining of the bullion, as well. The present paper
will suggest a process from pretreatment of feed to the lead smelter to pyro-refining
of bullion to ensure satisfactory quality of bullion while managing impurities other
than lead and discuss process factors that are crucial for the process design of the
present process.

Keywords Copper smelter · Dust treatment · Impurities management · Lead

Introduction

The grade of copper concentrates has been decreasing while the content of impurities
has been increasing in recent years. Among such impurities, lead has adverse effects
on the tankhouse operation causing the passivation of anode [1]. In copper smelters,
a substantial part of lead evaporates to dust, which is recycled to a smelter to recover
copper. The dust is bled off occasionally from the copper smelting circuit to reduce
the lead content of the feed [2, 3]. In the conventional process, the dust bled off is
leached with sulfuric acid to recover copper and sent to lead smelters to produce
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bullion. “Dirty concentrate” may, however, suffer the operation of lead smelting due
to impurities other than lead. The present paper aims to suggest ferric leaching for the
treatment of the dust to enhance the dissolution of the dust components and discuss
a pyro-refining of bullion to ensure satisfactory quality of bullion while managing
impurities other than lead.

Experimental

Leaching

Ferric leaching was applied on dust sampled from an electric precipitator of a copper
smelter to remove copper to a satisfactorily low level. Figure 1 shows a schematic
diagram of the experimental apparatus used for the leaching. The dust and a ferrous
sulfate solution were mixed to a pulp of 300 g/L. The pulp was stirred magnetically,
heated up to 90 °C, and aeratedwith air bubbling to accelerate oxidation of the dust for
24 h. The residuewas separated from the leachate by filtration and dried subsequently
in an oven. The residue dried was assayed by X-ray fluorescence analysis (XRF).

Fig. 1 Schematic diagram of the experimental apparatus used for the leaching
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Fig. 2 Schematic view of the experimental apparatus used for the smelting experiment

Reductive Smelting

Figure 2 shows a schematic diagram of the experimental apparatus used for the
smelting experiment. The dried residue of 15.0 g, granulated copper smelting slag
of 1.5 g, limestone of 2.8 g, and activated carbon of 0.8 g were contained in a MgO
crucible. A lump of electrolytic iron was hung in the crucible to react with PbS while
maintaining the experimental system coexisting with iron. The crucible was placed
in an electric-resistance furnace and then heated to 1200 °C. Argon deoxidized with
preheated copper powder was used for the purging of the residual air in the furnace at
the flow rate of 200mL/min.After holding for 4 h, the lump of ironwas removed from
the crucible, and then, the crucible was taken out of the furnace. The crucible was
quenched by continuous water spray. The slag was pulverized and assayed by XRF.
The matte and bullion were dissolved into acid solution and assayed by inductively
coupled plasma atomic emission spectroscopy (ICP-AES).

Liquation

Pb-based alloy was synthesized in an induction furnace to the same composition as
the bullion obtained in the reductive smelting experiment. The Pb-based alloy was
remelted in an electrical resistance furnace, then cooled down to 350 °C. The dross
floating on the melt surface was skimmed off, and the refined bullion was cooled to
room temperature. The dross and refined bullion were dissolved into acid solution
and assayed by ICP-AES.
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Table 1 Assay andmass of the dust from an electric precipitator and its residue after ferric leaching

Mass (dry g) Assay (mass%)

SiO2 Ca Fe Cu Zn Sn Pb Bi

Dust 150 6.8 N/A 8.3 17.9 3.5 0.5 8.8 2.0

Residue 34.8 24.0 0.4 1.9 1.6 1.1 0.2 42.3 4.7

Results

Leaching

The assay of the dust from an electric precipitator and its residue after the leaching
is listed in Table 1. Pb and Fe included in the dust were separated effectively by the
leaching, namely Pb in the dust remained wholly in the residue while, in contrast,
most Cu and Fe dissolved into the leachate. As a result, the residue to be fed to the
reductive smelting was reduced in dry mass to 25% of the dust.

Reductive Smelting

Table 2 shows the average assay and mass of the experiments conducted twice
because both results were close to each other. Slag, matte, and bullion obtained in the
experiments were estimated homogeneous at the smelting temperature based on the
microscopic observation of frozen samples. The mass of slag phase was calculated
assuming that CaO included in the residue was completely distributed to the slag.
Then, the mass of the matte and bullion was calculated by simultaneous linear equa-
tions for the Pb and Bi input/output balance. Most of the impurities were removed to
slag and matte, and over 95% of Pb included in residue was distributed in the bullion.
Over 30% of Cu and almost all Bi was distributed in the bullion too.

Table 2 Assay and mass of slag, matte, and bullion obtained by the reductive smelting

Mass (g) Assay (mass%)

SiO2 CaO Fe Cu Zn Sn Pb Bi

Slag 10.2 36.7 17.2 21.8 0.1 1.1 0.0 0.5 0.0

Matte 2.5 N/A N/A 50.8 6.1 0.4 0.0 9.8 0.5

Bullion 6.8 N/A N/A 0.3 1.2 0.0 0.1 89.4 9.1
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Table 3 Assay and mass of the samples fed to and obtained by the liquation

Mass (g) Assay (mass%)

Pb Cu Sn Fe Bi

Bullion (feed) 1,000 89.4 1.2 0.1 0.3 9.1

Dross 173 79.2 5.2 0.6 1.7 13.9

Liquated bullion 827 91.7 0.4 0.0 0.0 8.0

Liquation

Table 3 shows the assay andmass of samples fed to and obtained by the liquation. The
mass balance demonstrates that liquation is a necessary step before casting because
substantial dross forms during cooling to 350 ºC. All the Fe and Sn as well as 75% of
Cu included in bullion was removed to dross. In contrast, over 70% of Bi remained
in the liquated bullion.

Suggested Flowsheet

Figure 3 suggests the flowsheet of the present lead bleeding-off process indicating
mass and elemental distribution based on the dust to feed to the leaching step. Lead
recovery from the dust to the liquated bullionmay be 83%, andmost lead loss happens
in the liquation. Since the liquated metal is mainly copper, the decopperization in
the leaching is decisive in the performance of the process. Although most impurities
are eliminated from the feed, 40% of the bismuth in the feed is distributed to the
liquated bullion.

Table 3 suggests that residual impurities of the liquated bullion are copper and
bismuth. Those impurities can be removed in several lead smelters effectively rather
than in copper smelters. The liquated bullion can be processed by the Hulst process to
remove copper, subsequently electrorefined by the Betts process in which bismuth
is distributed to the anode slime. Bismuth included in the slime can be separated
by partial oxidation in a smelting furnace into bismuth litharge, which is further
smelted and electrorefined to obtain a bismuth cathode [4]. Pyrorefining by Kroll-
Betterton process, which has been adopted more commonly than partial oxidation,
is not applicable to remove bismuth from the liquated bullion due to its excessive
level of bismuth content.
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Fig. 3 The flowsheet of lead bleed-off and material balance of major elements (Tables in the figure
indicate the distribution ratio in percentage from the dust to the designated product)

Mass and Energy Balances of the Reductive Smelting

Since reductive smelting is a high-temperature process, the energy balance of the
reductive smelting was evaluated in addition to the mass balance in the case that
lead of 2,000 tons/year is removed from a copper smelting circuit to a lead smelting
circuit by the use of a Héroult furnace. In this case, the dried residue fed to the
Héroult furnace was set to 5,703 tons/year under the condition which the Pb content
of the residue is the same value as listed in Table 1. The energy balance of such
smelting operation during the period from one tap to the next of the bullion other
than the heat loss from the furnace was calculated referring to thermodynamic data
from HSC Chemistry ver 9.6.1 and assuming that:

• The tap-to-tap period of the bullion is 1 day and the availability of the furnace is
90%, (based on the assumption the cumulative amount of the residue to be fed
becomes 17.4 tons/day);

• Every reactant charged to the furnace has the temperature of 25 °C and every
product discharged from the furnace has the temperature of 1200 °C;

• The residue comprises PbSO4, Cu2S, SnO2, CaSO4, SiO2, Fe2O3, ZnO, Bi2O3,
and other gangue oxides;



Lead Bleed-Off from Dust of Copper Smelter 29

• Copper smelting slag comprises FeO, Fe3O4, CaO, SiO2, ZnO, and other gangue
oxides;

• Coke contains solely fixed carbon, and limestone and iron scrap contain negligible
impurities;

• Reductive smelting slag comprises PbO, FeO, CaO, SiO2, ZnO, and other gangue
oxides;

• Reductive smelting matte comprises PbS, FeS, Cu2S, ZnS, and Bi2S3;
• Reductive smelting bullion comprises Pb, Fe, Sn, Cu, and Bi; and
• Furnace off-gas comprises CO, CO2, SO2, Pb(g), and Zn(g).

Based on a rule of thumb for designing metallurgical furnaces, the throughput
per hearth area was set to the same value as an existing furnace used for a similar
operation to the present process. Referring to the Héroult furnace at Kosaka smelter
for smelting 1.79 tons/(m2·day) of Pb-bearing residue [5], the inner diameter of the
present furnacewas set to 3.51m.Equations (1)–(3)were applied on the calculation of
the heat loss through the hearth [6] so as tomeet both Q in Eqs. (1) and (2), neglecting
the temperature gradient between bulk bullion and brick surface and assuming the
ambient temperature to be 30 °C. The overall heat loss from the furnacewas presumed
twice the heat loss from the furnace in the present calculation.

Q = A · (1473− T )
lbrick
λbrick

+ lshell
λshell

(1)

Q = h · A · [T − 303]+ ε · σ · A · [T 4 − 3034
]

(2)

h · D
λair

= 0.27 · (Gr · Pr)0.25 (3)

where

Q Heat flux, (W/m2)
T Surface temperature of shell, (K)
A Hearth area, (m2)
l Thickness of layer, (Brick = 0.4 m, Shell = 0.045 m)
λ Thermal conductivity, (Brick = 3 W/(m · K), Shell = 43 W/(m · K))
h Heat transfer coefficient, (W/(m · K))
ε Emissivity of shell, (=0.79)
σ Stefan–Boltzmann constant,

(= 5.67× 108W/
(
m2 · K4

))

D Inner diameter of furnace, (m)
Gr Grashof Number
Pr Prandtl number

Table 4 shows the mass and energy balances per a cycle from a tap to the next
tap of the bullion. The difference in energy between input and output was balanced
by the Joule’s heat originating from electricity. Considerable endothermic heat of
the reaction heat stems from thermal decomposition of lead sulfate and calcium
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Table 4 Mass and energy balances of the reductive smelting

Input Output

Mass
(kg/cycle)

Heat
(MJ/cycle)

Mass
(kg/cycle)

Heat
(MJ/cycle)

Dried residue 17,360 – Off-gas
(Nm3/cycle)

4,884
(2,317)

6,464

Limestone 3,258 – Slag 10,769 15,502

Copper
smelting slag

1,741 – Matte 2,900 3,111

Coke 938 – Bullion 7,843 1,557

Iron scrap 3,098 – Heat of
reactions

– 10,782

Joule’s heat – 48,228 Heat loss – 10,813

Total 26,396 48,228 Total 26,396 48,228

sulfate. The off-gas composition calculated was CO2/CO= 1.52 which corresponds
to logpO2 = −10.6 at 1200 °C. Therefore, the present experiment was conducted
presumably in close conditions to lead smelting operations [7].

Conclusions

The present paper has suggested an alternative lead bleeding-off process from copper
smelting circuits in which lead-bearing dust collected from the electrostatic precip-
itator was leached in an acid ferric solution followed by the reductive smelting
and the liquation to obtain bullion containing over 90%Pb. The liquated bullion
requires the separation and recovery of residual bismuth which can be achieved by
the litharge process having been operated economically and solely in several lead
smelter and refinery. Therefore, bleeding-off impurities from “dirty concentrate”
requires metallurgical network of copper production circuit and lead production
circuit.
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Simulation and Post-mortem Studies:
The Holistic Approach for Optimized
and Engineered Lining Concepts

D. Gregurek, G. Unterreiter, C. Lind, and A. Spanring

Abstract Copper smelting furnaces are typically lined with magnesia-chromite
refractories. This paper evaluates the common refractory wear mechanisms of infil-
tration, spalling, and chemical attack as observed in the copper anode furnace. All
these wear parameters lead to severe degeneration of the brick microstructure and
to a decreased lining life. Additionally, the influence of infiltration on the thermal
conductivity and temperature field on a simplified furnace lining was investigated by
means of numerical simulation. A steady state heat transfer finite element analysis
was conducted using a theoretical model of a cross-section of the furnace. Two cases
with different material properties were considered. The first case considered virgin
lining and the second a lining with deep slag infiltrations. Accordingly, a detailed
investigation and understanding of thewearmechanisms through “post-mortem stud-
ies” in conjunction with numerical simulations is an important prerequisite for the
refractory producer.

Keywords Copper anode furnace · Numerical simulation · Finite element
analysis ·Wear phenomena

Introduction

During the copper production process, so-called white metal or matte, with a copper
content of approximately 75%, can be upgraded in a Peirce-Smith converter to blister
copper which has a copper content of 98%. This process consists mainly of blowing
air through tuyeres for oxidizing and slagging of the iron in the matte [1]. In the next
step, blister copper is refined in anode furnaces before it is cast in anodes for further
refining by electrolysis.
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Fig. 1 Anode furnace for
the copper industry

The anode furnace shown in Fig. 1 is a horizontal cylindrical rotary furnace which
operates in batches. In the first step, sulphur is removed by oxidation followed by a
reduction step to remove the oxygen. Impurities such as arsenic lead and antimony
can also be removed from the blister copper. In the field of copper production as in an
anode furnace, magnesia-chromite bricks are mainly used for the linings [2]. The so-
called mag-chrome bricks contain a variety of refractory materials which differ both
in cost and in effectiveness in coppermaking. Thesematerials can be distinguished by
(a) the type of bond, (b) composition, and (c) purity level [3]. Thermal conductivity of
a ceramic or a refractory is strongly determined by its microstructure. The presence
of pores, grain boundaries, impurities, etc., inhibits heat transfer through the material
and consequently reduces the thermal conductivity [4]. The heat conductivity of pure
copper is about 400W·m−1 K−1 of copper oxide 80W·m−1 K−1 [5] and 4Wm−1·K−1

for the un-infiltrated (virgin) magnesia-chromite brick. Within the reaction zone,
the microstructure was described as completely dissolved by numerous Cu-Fe-Cr
oxides. Hence, this will lead to a significant change of the material properties such
as thermal conductivity and thermal expansion. Based on material measurements
and finite element analysis, the aim of this study is a qualitative comparison of the
temperature field in virgin and infiltrated conditions.

Thepaper at handdescribes themainwear phenomenaof spentmagnesia-chromite
bricks from the copper anode furnace based on material measurements and finite
element analysis. The wear phenomena discussed include corrosion caused by slag
and by copper infiltration. The refractory sample was collected as shown in the
schematic sketch of the anode furnace (see Figs. 2 and 3).

The investigations were done by chemical analysis (X-ray fluorescence), miner-
alogical investigation (reflected lightmicroscopy and scanning electronmicroscope),
and laser flash method for thermal conductivity.
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Fig. 2 Schematic sketch of the cylindrical copper anode furnace showing the location of sampling

Fig. 3 Cut section of used
magnesia-chromite brick
from the copper anode
furnace (sample position
from Fig. 2)

Wear Phenomena

Slag Corrosion

The main driving force behind corrosion is dissolution reaction between refrac-
tory components (mainly oxide phases) and slag. The dissolution is always diffusion
controlled. It is governed by the difference in concentration gradients, i.e., in concen-
tration directly at the interface slag/refractory versus bulk concentration farther from
the interface (Fick’s First Law of Diffusion) [6]. In addition to dissolution reaction at
the hot face, the slag also infiltrates the refractory pore space. The chemistry of the
slag is an additional crucial parameter to be considered. In the infiltrated refractory
microstructure, there is a chemical reaction within the inherent components (e.g.,
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Fig. 4 Microstructural
detail of infiltrated and
corroded refractory
microstructure. Distance
from hot face approx. 2 mm.
Corroded magnesia fines (1).
Chromite (2). Copper (3).
Forsterite (4)

dissolution of magnesia), according to the respective phase equilibrium. In partic-
ular, the magnesia fines responsible for the brick bonding are the most vulnerable
fraction in the refractory. The infiltrating slag will decrease the critical share and
prepare hot erosion due to loss of brick bonding. An example of the infiltrated and
corroded refractory microstructure is shown in Fig. 4.

Within the infiltrated brick microstructure, the main reaction products include
Mg–silicate (forsterite,Mg2SiO4) due to corrosion of sinteredmagnesia and the inter-
stitial phase. In general, the second main brick component chromite is not corroded
compared to the magnesia.

Copper Infiltration

The slag infiltration of the brick microstructure is frequently followed by
copper/copper oxide infiltration (Fig. 5). Hereby, the kinetic aspects, such as
viscosity, pore size and pore distribution in the refractory, temperature during the
furnace operation, and wetting angle/surface tension between the refractory and the
metal, play a dominant role in the infiltration behaviour [7]. Generally, non-oxide
infiltration only densifies the bricks’ microstructure without any corrosion of the
brick inherent phases.

Numerical Simulation and Finite Element Analysis (FEA)

Simulation Model

Two different thermal steady state scenarios (infiltrated and virgin) weremodelled by
using a FEA based software package [8]. A representative three-dimensional section
of the geometry (see Fig. 6) was used for the geometrical model. The sample which
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Fig. 5 Microstructural detail of infiltrated microstructure. Distance from hot face approx. 20 mm.
Fused MgCr material (1). Chromite (2). Copper (3)

(a) (b)

Fig. 6 Geometrical domain a without infiltration and b with infiltration representing a part of the
anode furnace

was used for measuring material data used in the finite element analysis was taken
from the sample position shown in Fig. 2.

A theoretical model for an infiltrated and a non-infiltrated scenario was set up in
order to investigate the influence of infiltration. To highlight the differences caused
by the modified thermal conductivity, the same wall thickness was used for both
the infiltrated and the non-infiltrated scenario. Firstly, the non-infiltrated refractory
was taken under consideration. Therefore, material data for bulk density and thermal
conductivity of the virgin magnesia bricks were used. Then, an infiltrated refractory
sample was analysed to measure density and thermal conductivity. Due to wear
phenomena, the length of the brick under research was reduced from 450 to 220 mm
with an infiltration depth of 130 mm at the sample position. In our model, we were
assuming a theoretical liningwhere the lining thickness was constant; hence, nowear
profile has been developed.

The model represents a steady state condition for the hot faces above and below
the slag line at a constant temperature of 1280 °C. The thermal boundary condition
for the outer surface of the steel shell was considered with a constant heat transfer



38 D. Gregurek et al.

Table 1 Temperature dependent thermal conductivity of materials in W·m−1·K−1

Material 25 °C 100 °C 200 °C 400 °C 500 °C 600 °C 750 °C 800 °C 1000 °C 1200 °C

Refractory 4.95 4.73 4.22 3.93 3.8 3.67 3.15

Refractory
infiltrated

14.9 14.6 13.6 13.4 13.4 12.5

Insulation 0.02 0.03 0.03 0.04 0.05

Steel 55 55 51 44 41

coefficient of 7.5 W·m−2·K−1, a temperature of 25 °C, and an emissivity of 0.9 for
surface radiation. These boundary conditions resulted in temperature of about 200 °C
which is in agreement with temperature measurements of the steel shell temperature
of the furnace in operation. In Table 1, the temperature dependent physical properties
of the considered materials are provided.

The change of the thermal conductivity in the transition zone between infiltrated
and virgin material was modelled based on the mineralogical observations which
showed a sharp change.

Due to the observed infiltration of the refractories by copper oxide shown in
Fig. 7, there was a significant increase of the thermal conductivity. The refractory
under research had an apparent porosity of 15 vol%.

Phenomena such as chemical reaction which would alter the material properties
were neglected. The goal was to show the influence of the infiltration on the temper-
ature field resulting in a comparison of the infiltrated versus virgin lining based on a
theoretical design.

Fig. 7 Measured thermal conductivity of the mag-chrome refractories
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Results

The thermal conduction of the virgin lining and of the infiltrated lining shows a
decline between the temperature range of 25 °C and 1200 °C.

The steady state temperature distribution after heat-up is shown in Fig. 8. The
temperature profile of the infiltrated sample (plotted along path 1, see Figs. 8 and 9)
shows a lower gradient at the beginning and higher temperatures in general, which
cause higher heat losses, and consequently, higher energy consumption. An indi-
vidual solution based on calculations and numerical simulations in order to minimise
the heat losses can be found.

Fig. 8 Steady state temperature distribution of the a virgin and b infiltrated lining

Fig. 9 Temperature along path 1
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In view of future work, the stresses and strains for both scenarios will be simulated
and compared based on a linear-elastic approach. It is furthermore of interest to know
the magnitude of the Mises stresses in the steel shell. In the next step, creep effects
will also be under consideration, what will be of interest here is the extent to which
creep phenomena in the lining reduce stresses.

Conclusions

In this research, common refractory wear mechanisms of infiltration, spalling, and
chemical attack as observed in the copper anode furnace were discussed on the base
of a case study. All these wear parameters lead to severe degeneration of the brick
microstructure and a decreased lining life. Additionally, the influence of infiltration
by copper oxide on the thermal conductivity and temperature field on a simplified
furnace lining model were studied by means of numerical simulation.

A sample of the infiltrated lining was taken, and the heat conductivity and density,
respectively, weremeasured.Additionally, the samematerial properties asmentioned
above were analyzed on a so-called virgin sample. Due to the infiltration by mainly
copper oxides and metallic copper, the thermal conductivity was increased approxi-
mately by a factor of four. This increase can be explained by the porous microstruc-
ture of the refractory and the strong infiltration with copper oxides which have a
much higher thermal conductivity than the non-infiltrated brick. The influence of
the increased thermal conductivity on the temperature field was demonstrated by
means of numerical simulation. This approach in combination with thermocouples
at different positions and an inverse heat transfer approach could be used for esti-
mating the residual lining thickness. During the engineering process, a calculation
with the material data of the virgin lining followed by measured material parameters
of the infiltrated lining can be made. Hence, the in-service performance of the lining
can be described more realistically by means of a numerical simulation such as FEA.
Thus, an optimized solution for reducing heat losses can be found for the individual
process situation.

References

1. AminizadehN,Mansouri S (2007) Thermochemicalmodel of the Peirce-Smith copper converter.
Proc Inst Mech Eng E-J P M E 221:129–138

2. Crites MEA (2000) Interaction of chrome-free refractories with copper smelting and converting
slags. Can Metall Q 39:129–134

3. Schlessinger ME (1996) Refractories for copper production. Min Pro Ext Met 16:125–146
4. Vitiello D (2021) Thermo-physical properties of insulating refractory materials. Universite’ de

Limoges, vol NNT: 2021LIMO0034, p 23
5. Dhivyaa Anandan KR (2012) Synthesis and stability of cupric oxide-based nanofluid: a novel

coolant for efficient cooling. Asian J Sci Res 1



Simulation and Post-mortem Studies: The Holistic Approach … 41

6. Harmuth H, Vollmann S (2014) Refractory corrosion by dissolution in slags - challenges and
trends of present fundamental research. Iron Steel Rev 58(4):157–170

7. Barthel H (1981) Wear of chrome magnesite bricks in copper smelting furnaces. Interceram
30:250–255

8. Dassault Systems. https://www.3ds.com/products-services/simulia/products/abaqus/. Accessed
16 Sept 2021

https://www.3ds.com/products-services/simulia/products/abaqus/


A Kinetic Description
of Physico-Chemical Processes Taking
Place in the Burden of HCFeMn
Submerged Arc Furnaces

Ainur Nigmetova, Bertil Farjaudon, Haoxue Han, Astrid Hecquet,
and Gilles Nussbaum

Abstract The pre-reduction reactions of high Mn-oxides in Comilog and
Nchwaning manganese ores have long been investigated because of their potential
to reduce both the specific energy and coke consumptions of FeMn alloys. However,
the performances of most industrial furnaces do not beneficiate from fully completed
pre-reduction reactions. In this context, a new incremental approach, using an exper-
imental and numerical tool, is developed to investigate the mechanisms involved
from the microscale to the industrial scale using experimental tools from the labora-
tory set-ups to pilot equipment. The pre-reduction optimization study was started at
the microscale. Results of the lab-scale trials on both ores at different temperatures,
CO/CO2 ratios, and the numerical model simulating the kinetics and heat transfer
of the pre-reduction reactions will be presented. The main kinetic parameters have
been identified from the lab-scale trials using the numerical model, compared to the
literature, and interpreted to explain the physico-chemical behavior of pre-reduction.

Keywords Multi-scale approach · Mn ore pre-reduction · Experimental tool ·
Kinetic model · Physico-chemical parameters

Introduction

As a significant Mn alloys producer, Eramet has strong ambitions regarding climate
change and is committed to reduce its climate footprint by reducing CO2 emissions.
The production ofMn alloys is carried out by smeltingMn ore in an electrical furnace
using carbonaceousmaterial as a reducing agent. This process ultimately creates CO2

gas emissions [1]. The most promising way to reduce GHG emissions is to improve
the efficiency of the ore pre-reduction by CO gas generated in the HCFeMn furnace.

Mn ores are progressively reduced to metal: (1) reduction to lower Mn-oxide by
carbon monoxide in the pre-reduction zone (Fig. 1) leading to exothermic reactions:

A. Nigmetova (B) · B. Farjaudon · H. Han · A. Hecquet · G. Nussbaum
Eramet Ideas, Trappes, France
e-mail: ainur.nigmetova@eramet.com

© The Minerals, Metals & Materials Society 2023
R. G. Reddy et al. (eds.), New Directions in Mineral Processing, Extractive Metallurgy,
Recycling and Waste Minimization, The Minerals, Metals & Materials Series,
https://doi.org/10.1007/978-3-031-22765-3_5

43

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-22765-3_5&domain=pdf
mailto:ainur.nigmetova@eramet.com
https://doi.org/10.1007/978-3-031-22765-3_5


44 A. Nigmetova et al.

Fig. 1 FeMn alloys production operation

(a) 2MnO2(s) + CO(g) → Mn2O3(s) + CO2(g), �H = −199.9k J .mol−1Mn

(b) 3Mn2O3(s) + CO(g) → 2Mn3O4(s) + CO2(g), �H = −187.8k J .mol−1Mn

(c) Mn3O4(s) + CO(g) → 3MnO(s) + CO2(g), �H = −50.7k J .mol−1Mn
(1)

(2) MnO is eventually reduced to metal by C at the bottom of the furnace, also
called direct reduction zone (Fig. 1) leading to endothermic reaction:

MnO(l) + C(s) = Mn + CO,�H = 275k J .mol−1Mn (2)

CO2 is produced by the Mn-oxides pre-reduction reactions (Eq. 1). If the mate-
rials are not entirely pre-reduced (MnOx, x > 1), when reaching 800 °C, a signifi-
cant amount of CO2 may react with the coke particles to produce CO according to
Boudouard reaction: CO2 + C → 2CO [2]. Besides consuming additional carbon, it
is highly endothermic, thus increasing electric energy consumption. Today, the pre-
reduction yield in industrial furnaces is estimated to be low (about 30%). Increasing
the pre-reduction reactions kinetics will therefore result in large gains in specific
electricity and coke consumptions. The impact of the physical and chemical proper-
ties of the pre-reduction zone (burden) and its components on the main parameters
that control kinetics of pre-reduction reactions are studied by many authors [2–4].
The Mn ore pre-reduction represents a system involving the different phenomena in
competition and depending on the different conditions at different scales.
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At the Ore Scale

At the scale of one ore particle, gas-solid reactions can be controlled by gaseous diffu-
sion, chemical kinetics, or both [5]. The diffusion of gas within the solid depends
on the reaction temperature, and the ore particle microstructure changes all along
the pre-reduction reaction. The chemical reaction takes place on a boundary layer
between an unreacted core and a solid product shell and depends on the gas composi-
tion. In the case of pre-reduction, the gas diffusion and chemical reaction are mostly
controlled by the following parameters:

• The specific surface area of the particle accessible to the gas,which in turn depends
on:

– Particle size: the finer the particle, the faster the reaction. The particle size may
change as the reactions proceed and the temperature increases.

– Particle microporosity: more microporosity will facilitate the access of CO gas
toMn-oxides via gas diffusion. Themicroporosity may change as the reactions
proceed and the temperature increases.

• The reactivity of Mn-oxides in the minerals, which acts as the driving force for
the chemical reactions between the minerals and CO gas.

• The partial pressure of CO: the higher this pressure, the faster the reaction.
• Gas temperatures, which essentially locally depend on the endothermic and

exothermic reactions that take place in the burden and on the intensity of the
pre-reduction reactions.

• Particle temperature, which depends on their nature and physical properties.

At the Burden Scale

The burden can be regarded as a multi-particle system composed of single particles.
Mentioned above parameters are valid to each particle of the multi-particle system,
but in addition, at the burden scale the following factors are considered to control
the burden pre-reduction behavior:

• Macroporosity between ore particles: higher macroporosity will facilitate the gas
flow in the burden.

• Permeability: a high permeability of the burden is related to the open connection
between macropores, which in turn provides a good gas flow distribution.

• The moisture: as the moisture content increases, the width of the low temperature
zone (T < 200 °C) increases. At such low temperatures, the kinetics of the pre-
reduction reactions are very low.

• Position of the particle in the burden: temperature difference on the upper or lower
part of the burden affects the pre-reduction behavior by causing endothermic
reactions.
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In this article, we present our incremental approach to study the kinetics of
prereduction of the Mn ores.

Incremental Approach

This multi-scale approach is presented in Fig. 2. It follows an incremental approach
aiming at increasinggradually the scopeof the studies and the complexity of the inves-
tigated mechanisms, from the lab-scale to the industrial scale. Both the experimental
work and the numerical modeling work reflect this approach.

As one sees, pre-reduction involves the coupling of numerous chemical reac-
tions and phase changes, multi-phase material flow, and heat transfer. The opti-
mization of pre-reduction should hence be built upon a clear understanding of the
above-mentioned phenomena. This is the reason why we adopted a multi-scale and
incremental approach which consists of decomposing pre-reduction into phenomena
studied at different scales and combining experiment and modeling work.

Alongside these studies, we are building a numerical model of the burden, the
“Burden Model”. The model simulates the simultaneous heat and mass transfers
between a gas circulating in a porous bed coupled with the kinetics of chemical
reactions. It shall be a numerical twin of the burden found in an industrial furnace,
as it is not only following a rigorous and coherent mathematical description of the
physico-chemical phenomena but is also calibrated with solid experimental results
from laboratory and pilot trials. The “Burden Model”, once accomplished, will be a
helpful tool: to capitalize on the knowledge and in-depth understanding of the burden
operation, to identify key levers and evaluate their impact on the pre-reduction yield,
and to guide experimental and industrial trials for pre-reduction optimization.

At the lab-scale, the focus is the kinetics of different reactions in the ore particles;
at pilot scale, the pre-reduction efficiency is largely determined by the reductant gas

Fig. 2 Left:Multi-scale problem applied to the FeMn furnace: frommicro to industrial scale. Right:
Schematic representation of the lab-scale furnace
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flow in the burden porous network, whereas in an industrial furnace, the spatial distri-
butions of temperature and flow resistance are the important influencing parameters,
and meanwhile a result of the chemical reactions in the burden. In the present work,
the lab-scale results are presented. The pilot equipment is currently being built, and
a short description of the equipment is given below.

Lab-Scale

The aim of the lab-scale trials is twofold. The first one is to deepen our understanding
of the Mn-oxides reduction and to reveal important points before starting pilot tests.
The second is to identify kinetic parameters, specific to the ores and their proper-
ties, to provide a predictive model at the microscale (Fig. 2 left a). To achieve the
latter, the strategy based on the work of [6] is applied: cover the whole temperature
range for reductions of Mn-oxides; vary the conditions: CO concentration (%CO),
temperature; decouple the Mn-oxide reduction reactions (Eq. 1). To this end, the ore
is reduced at successive isothermal plateaus, to obtain the kinetics in well-defined
conditions.

At the lab-scale, a small bed of Mn ore particles is introduced in a resistance
furnace, above a bed of alumina beads. The materials are heated to a pre-defined
temperature under an inert gas flow (N2). Then a mix of CO/CO2 gas is fed at the
bottom of the furnace. Thermocouples in the Mn ore beds record the evolution of the
temperature (see Fig. 2 right). The evolution of the chemical analysis of the outlet
gas is an image of the evolution of the conversion rate of the Mn-oxides inside the
furnace.

Pilot Shaft Furnace

An intermediary scale between the laboratory microscale and the industrial scale
is the burden scale (Fig. 2 left b). A new pilot tool is currently being designed to
represent the burden operation only and will allow to investigate in detail the pre-
reduction zone, without any interaction with the fusion zone and the liquid baths.
To do so, the principle of a Shaft Furnace has been used. Eramet IDEAS new pilot
tool will consist of a vertical tubular furnace fed with CO gas to simulate the gas
generated by the coke bed in a HCFeMn furnace; it will be operated continuously
thanks to a device discharging the pre-reduced ore. The furnacewill have a 4mheight
reactive zone and an internal diameter of 500 mm. The feed rate will be ranging from
100 to 400 kg/h with a gas flow up to 150 Nm3/h of CO gas to meet the industrial
conditions. The furnace will be able to treat ore grain sizes up to 30 mm. It will
be fully instrumented with thermocouples to characterize the vertical temperature
gradient, but also with gas analysis and pressure at different heights to characterize
the vertical chemical gradient and the evolution of the charge permeability.
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This pilot will be particularly helpful to study the interactions between the various
reactions that take place in a HCFeMn: pre-reduction reactions in a mix of different
ores, vaporization of water from the ore, and decarburization of someminerals found
in some ores or furnace feed. It will also simulate the conditions prevailing in the
various zones of an industrial furnace burden: along the furnace shell as opposed to
the zone inside the electrodes.

Numerical Approach

Numerically, pre-reduction kinetic model based on the physico-chemical and struc-
tural properties of the ores is fitted with the lab-scale test results. Computational
Fluid Dynamics (CFD) is used to compute mass and heat transfers in a porous bed
and coupled with the kinetic model. Here, the gas flow and burden characteristics
can be controlled through a set of input parameters such as chemical composition,
temperature, downward velocity, particle size distribution, porosity, and permeability
for the burden.

The pre-reduction kinetics study was started at the microscale. The lab-scale trials
and kinetic model are developed and applied for Comilog and Nchwaning ores. In
the following paragraph, the numerical model simulating the kinetics and thermics
of the pre-reduction reactions will be presented.

Kinetic Model

The first step of the incremental approach is to correctly model the kinetics of the
reaction between CO and Mn-oxides. To provide better predictions, a kinetic model
based on the grain model [5] is developed. For studied Mn ores, such as Comilog
which is highly porous, an advantage of this model compared with the shrinking-core
model [5] is that particle microporosity is considered. The current model describes
the kinetics of the chemical reactions between CO gas and Mn-oxides (Eq. 1) and
provides a rate of reaction progress XMnOx (Eq. 3). Secondly, thermal effects due
to the reaction exothermicity and gas-ore heat exchange are considered by coupling
grainmodel with heat balance equation (Eq. 4) providing the ore particle temperature
evolution during reaction.

dXMnOx

dt
= 3bCco

Rpρ0,MnOx

1
R2
p(1−ε)

RgDe

((
1 − XMnOx

)− 1
3 − 1

)
+ 1

k

(
1 − XMnOx

)−2/3
, (3)

ρsCps
dT

dt
= −λ∇T − ρMnOx�H

dXMnOx

dt
− 4R2

pht

Vp(1 − ε)

(
T − Tgas

)
(4)
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Table 1 List of physico-chemical, structural, and thermophysical parameters

Physico-chemical parameters Structural parameters Thermophysical

De—gas diffusion coefficient
in the solid
k—rate constant of the reaction
ρMnOx—molar density of the
solid reactant
CCO—concentration of the CO
gas
b—stoichiometric number

Rp, Rg—radius of the

individual particle and of the
grains
ε—particle microporosity
ρs—particle density

�H—molar heat of reaction
Cps—solid particle heat
capacity
ht—heat transfer coefficient

This system of equations involves three sets of parameters presented in Table 1.
The rate constant of the pre-reduction reaction is based on the Arrhenius law with
the pre-exponential factor ko and the activation energy Ea . Particle and grain shapes
are assumed spherical.

The evaluation of the structural parameters of the particles of each ore is out of the
scope of this paper. The thermophysical parameters can be found in databases. In this
work, we therefore focus on the identification of De, k0, Ea , which are intrinsic to the
studied Mn ores. The chemical parameters k0, Ea were identified by many authors,
and they were reviewed by [7, 8]. However, there have been very few studies on
the gaseous diffusion coefficient identification, and the existing study involves the
diffusion coefficient identification on the reduction of the crushed Mn ores in which
the diffusion mechanism is extremely weak due to the removal of the microporosity.

The identification algorithm is based on an optimization algorithm [9] by mini-
mization of a continuous function in a multi-dimensional space. We propose to iden-
tify the kinetic parameters De, k0, Ea by using the time-dependent conversion curve
X exp

MnOx
(t) and ore temperature evolution T exp(t) obtained from the laboratory exper-

iments. In this approach, the kinetic model is used in an inverse manner to deduce
the input parameters from the output.

Results of the Lab-Scale Tests

Figure 3 represents a set of laboratory tests carried out under varying conditions to
ensure their reproducibility at the same conditions and to identify the effect of particle
sizes, temperature, and %CO. This sensitivity analysis is advantageous to provide
confident parameter identification. Two ore particle diameters are investigated: dp =
10–12.5 mm, dp = 1–3.15 mm.

Figure 4 (left) and (right) represents the oxidation degree evolution during reduc-
tion under different conditions for Nchwaning and Comilog ores, respectively. It can
be noticed that Comilog is found to reduce at lower temperature than Nchwaning,
which can be explained by higher oxidation level of Comilog (MnO2) compared to
Nchwaning (Mn2O3). Tangstad et al. [10] presented a review of the CO reactivity of
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Fig. 3 All realized lab-scale tests for both Comilog and Nchwaning ores

Fig. 4 Left: Particle size and temperature effect on the oxidation level ofNchwaning underCO/CO2
= 50/50. Right: CO/CO2 ratio effect on the oxidation level of Comilog and Nchwaning

different Mn ores including two ores of interest. It was found that CO reactivity of
higher oxides is stronger like for Comilog, which leads to faster reaction.

Larssen et al. [8] and Schanche et al. [11] studied the effect of the particle size
and gas composition on the reduction behavior in CO/CO2 atmosphere of same ores.
They concluded that both ores reduce more quickly with decreasing particle size
and increased %CO. Figure 4 (left) shows experimental results showing that four
times decrease in the particle size increases more than twice the reduction rate of
Nchwaning ore. The reaction rate is faster with rising temperature (Fig. 4 (left)).
Furthermore, for both ores the reaction rate can be improved with increasing %CO
as shown in Fig. 4 (right) as confirmed by mentioned above authors. Larssen [12]
explains that the increased reaction rate observed for increasing %CO is due to
an increased partial pressure of CO (decreased oxygen pressure) providing larger
driving force for the reduction.
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Evaluation of the Model Parameters

The main kinetic parameters used in the model were calculated from the lab-scale
trials. Figure 5 (left) and (right) presents the evolution of the reaction rate constants
for Comilog and Nchwaning ores and of the diffusion coefficients with temperature
respectively. Dashed lines correspond to the Arrhenius law evolution over tempera-
ture based onmean value of identified Ea and k0 for each ore. The confidence interval
is also estimated. It is found to be narrower for Comilog which is reduced at lower
temperature and larger for Nchwaning, particularly at higher temperature (>700 °C).
For now, it is supposed to be the effect of the carbonate’s decomposition which is
present in Mn ores in small quantities. For Comilog, identified Ea , k0 parameters are
in good agreement with available literature results for the Brazilian ore [6], which is
supposed to have a quite close reduction behavior. For Nchwaning, lower Ea values
were found in [13], but identified Ea values in present work cannot be compared to
these values, since they correspond to the reduction of calcinated Nchwaning.

Figure 5 (right) shows the identified gas diffusion coefficients De which confirm
the difference in microstructure of two ores. Less porous Nchwaning reduction
provides a lower De at temperature lower than 800 °C compared to Comilog reducing
at low temperature. The low De values confirm the slow reaction rate of Nchwaning
pre-reduction (diffusion control) and the higher De values for Comilog illustrate
its faster pre-reduction kinetics (chemical control). From 800 °C, De values for
Nchwaning are close to that of Comilog. It can be explained by structural evolu-
tion which may occur at high temperature. It is known from [14] that microporosity
increases with temperature during the reduction for both ores. The same authors
found that CO reactivity is correlated to the high initial microporosity of the Mn ore.
Indeed, highly porous Comilog has higher CO reactivity compared to Nchwaning.

The particle size effect on the diffusion can be also observed in Fig. 5 (right).
Identified De for smaller particles is lower than that identified for larger particles. It
is known that within small particles, the chemical process is very quick compared

Fig. 5 Left: Identified reaction rate constant over temperature for Comilog and Nchwaning. Right:
identified gas diffusion coefficient over temperature for Comilog and Nchwaning
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to the diffusion processes which provides a low value for De. A comparison for
De with literature is also performed. Ré et al. [6] provided very low values for De

around 10–10 m2/s that is several orders of magnitude lower than in present work.
The reason is that they studied crushed mineral powders which have a characteristic
size of several hundreds of microns, while we work with the larger particle size (dp
= 1–12.5 mm), in which the reduction reaction can be controlled by both chemical
and diffusional processes simultaneously.

Figures 6 and 7 present the comparison of two experimental and numerical
approaches for the evolution of oxidation degree of Mn-oxides and ore tempera-
ture over time. Numerical results are obtained by solving the system of Eqs. (3) and
(4)with identified parameters fromFig. 5. The improvedmodel bymicroporosity and
thermal effect has led to very satisfactory results as the model is in a good agreement
with the laboratory tests. Figure 6 (left) provides Comilog reduction from MnO2 to
Mn3O4 for dp = 10–12.5 mm under %CO/CO2 = 50/50. For smaller particles dp =
1–3.15 mm at the same temperature the direct (MnO2 to Mn3O4) and fast reduction
is obtained even with decreasing %CO to 30/70 as can be seen in Fig. 6 (right). This
fact may confirm the particle size effect mentioned before and its much higher effect
on the reduction rate comparing to %CO.

Figure 7 (left) and (right) provide Nchwaning reduction (Mn2O3 → MnO) under
%CO/CO2 = 50/50 for dp = 10–12.5 mm and dp = 1–3.15 mm, respectively. A
decreasing of particle size accelerates the reduction. In fact, after 100 min the reduc-
tion continues for larger particles while for smaller particles MnO is reached within
50 min.

Regarding temperature profiles, first from Figs. 6 and 7 higher exothermicity
of Comilog is confirmed comparing to Nchwaning. With decreasing particle size,
for Comilog, the temperature peak increases from about 100–300 °C, while for
Nchwaning it increases from about 20–100 °C.

Fig. 6 Oxidation degree of Mn-oxide over time (black) and ore temperature evolution over time
(red) from Comilog reduction at 200 °C: dp = 10–12.5 mm (left), dp = 1–3.15 mm (right)
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Fig. 7 Oxidation degree of Mn-oxide over time (black) and ore temperature evolution over time
(red) from Nchwaning at 800 °C reduction: dp = 10–12.5 mm (left), dp = 1–3.15 mm (right)

Conclusions and Perspectives

An incremental strategy based on both experimental and numerical approaches was
proposed. The study conducted at themicroscalewas presented. At this scale, the pre-
reduction behavior of Comilog and Nchwaning ores was investigated in isothermal
conditions in CO/CO2 atmosphere. The effect of particle size, CO composition,
temperature was evaluated and confirmed by different literature sources.

A kinetic model well-adapted for the porous Mn ores was presented. The model
is coupled to the thermal model considering the particle heating due to the exother-
micity and the convection. This improvement provided very satisfactory results as the
model reproduceswell the experimental data. This has allowed a better understanding
of the physico-chemical parameters on the overall kinetics for each ore. Identified
diffusion coefficients confirm the different porous microstructures of both ores. A
higher activation energy was identified for Nchwaning. It means that a high chemical
energy, i.e., high temperature, is needed to cause the pre-reduction of Nchwaning,
as compared to Comilog for which the activation energy is almost two times lower.

In this perspective, identification of kinetic parameters will also be done on more
conditions to complete and solidify the sensitivity analysis. Furthermore, the depen-
dence of the diffusion coefficient on temperature and structural changes during reduc-
tions will be investigated. The reduction of Nchwaning ore at high temperature will
be studied to decouple potentiel endothermic reactions and pre-reduction reactions.
The last step consists of comparing the results of the model with industrial data,
making it possible to assess the impact of operational levers on pre-reduction in
industrial furnace.
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Lanthanum-Light Metal Alloys
Production Using Secondary
Resources—Thermodynamic Analysis
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Abstract Rare-earth-elements (REE) can be used as alloying agents to improve the
properties of aluminum alloys. REE are often added in the metallic form to produce
the alloys, but the high cost of REE metals makes the alloys expensive thus limiting
their application. An alternative way to make REE-Al alloys is by reacting REE
oxides with light metals. For this route, secondary light-metal resources, such as
aluminum dross, have the potential to be used to reduce the cost of alloy production
and at the same time limit waste generation. In this study, a systematic thermody-
namic evaluation of aluminum-lanthanum (Al-La) alloy production using lanthanum
oxide (La2O3) and different light-metal secondary resources was carried out. Three
differentAl dross compositionswere evaluated, eachwith differentmetal/metal oxide
ratios. Based on the analysis, Al dross can successfully be used as the starting mate-
rial for this process. The La2O3 (10 wt% of total charge) was completely reduced in
all simulated compositions. Additional calculations were carried out to simulate a
process in a Rotary Salt Furnace (RSF). From this analysis, the use of chloride salts
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is predicted to only slightly reduce the yield, but the use of fluoride salts should be
avoided.

Keywords Aluminum · Dross · Recycling · Secondary recovery · REE ·
Lanthanum

Introduction

Aluminum is a light metal which has a high strength to weight ratio. These proper-
ties make aluminum and its alloys a leading choice as a structural material especially
when the weight of the equipment/component must be minimized, such as in auto-
motive and aerospace applications. Aluminum can be alloyed with Rare Earth (RE)
metals to improve its strength, corrosion, and other properties. For example, the addi-
tion of lanthanum (La) to generate Al-La alloy has been shown to have an effect on
grain refinement as well as improvements in its creep resistance, tensile properties,
and electrical conductivity [1, 2]. The addition of RE could also give Al alloy good
castability compared Al-Si alloys, as shown in cerium alloyed with aluminum [3].
This could expand the applications of Al-RE alloys when some elements are not
compatible with silicon, such as scandium.

Al-RE alloys are usually produced by mixing a molten base alloy with a RE
metal. This process can be quite inefficient because of various phenomena such
as La losses, complex melting-casting process, and high differences between the
melting temperature of the base alloy and the RE [4–6]. The high price of RE metal
also makes the price of the alloy expensive and limits its commercialization [7, 8].
One alternative way of making an Al-RE alloy is by direct metallothermic reaction
of the base alloy with RE oxides. In this process, Al will reduce the RE oxides to RE
intermetallics and oxides of Al will form. This route of Al-RE alloy production could
potentially be cheaper because the price of RE oxides can be more than half of the
equivalent metal price. For this process, secondary sources of Al have the potential to
be used as the reductant to make the alloy. The use of secondary sources could further
reduce the price of the alloy significantly and also potentially solve existing waste
generation problems. A secondary resource that could be used is a by-product from
aluminum smelting process known as aluminum dross. Dross is typically divided
into two types, white and black dross, with white dross having a higher Al content
compared to black dross. The general composition of white dross is typically 15–
80 wt.% of metallic Al, 20–85 wt.% Al2O3 and 0–1 wt.% salt, while black dross
is typically composed of 7–50 wt.% of metallic Al, 30–50 wt.% Al2O3, and 30–
50 salt [9]. White dross is currently processed through several different methods to
recover valuable Al metal. The most common process is by melting in a Rotary Salt
Furnace (RSF). In this process, the white dross is fed to a RSF and salt fluxes (mainly
chlorides) are added. Salt flux addition provides a protective cover for the molten
aluminum, wets the oxide film, and initiates disintegration of the film, stripping it
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Table 1 Composition of
aluminum dross used for
simulation

Phase Composition (wt.%)

WDH WDL WDS

Al 60 15 80

Al2O3 40 84 20

Flux 0 1 0

from the surface of molten aluminum droplets, and helps promote the coalescence
of small aluminum droplets [9].

These secondary resources, which can still have highAl content, could potentially
be used as a reductant for reducing RE oxides while also making Al-RE alloy in
the process. In this study, a systematic thermodynamic evaluation of Al-RE alloy
production using Al dross has been carried out. Pure Al was also investigated as a
reductant for comparison. Lanthanum oxide was chosen as the RE oxide because
of its thermodynamic properties of being the easiest to reduce based on standard
Gibbs energy of formation. Additional calculations were also carried out with the
additional of salts to simulate a possible alloy production during dross processing in
a Rotary Salt Furnace (RSF).

Methodology

Three different Al dross compositions (Table 1) were selected for use in the current
study. These compositions represent white dross which have high (WDH—60% Al)
and low (WDL—15% Al) Al metal concentration and a white dross that has been
processed through grinding and sieving and has the highest metal concentration
(WDS—80% Al).

Thermodynamic modelling of the systemwas performed using FactSage 8.2 ther-
mochemical software [10]. Five different databases were used, which are FactPS,
FTLite, FTOxid, FTSalt, and FTHall, to represent the pure substances, alloy system,
oxide system, chloride salts system, and fluoride salts system, respectively. The
La2O3 amount was fixed at 10 wt.% of total input material. The effect of using a
cover flux (56 wt.% NaCl—44 wt.% KCl) and additives (AlF3 or Na3AlF6), with the
ratio of 55 wt.%Al Dross—30 wt.% cover flux—10 wt.% La2O3—5wt.% additives,
was also studied for evaluating a possible alloy production during dross processing
in an RSF.

Results and Discussion

Based on the standard Gibbs free energy of formation (�G°), La2O3 is more stable
compared to Al2O3 (Fig. 1a), which means that metallothermic reaction between Al
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Fig. 1 a Comparison of standard Gibbs free energy of formation of Al2O3, La2O3, AlF3, and LaF3
and b standard Gibbs free energy of metallothermic reduction and intermetallic formation

and La2O3 (Eq. 1) to produce pure La is not favored thermodynamically. However,
La metal could be dissolved into liquid Al resulting in lowering the activity of La
compared to pure La, which would shift the reaction to the right. Reduced La would
also form an intermetallic with Al which is more stable compared to its oxide (Eq. 2).
Standard Gibbs free energy of formation of the intermetallic, i.e. reaction in (Eq. 2),
is negative throughout the simulated temperature, which means that the reaction is
favored thermodynamically compared to the metallothermic reaction (Fig. 1b).

2Al + La2O3 = 2[La]Al + Al2O3 (1)

28

3
Al + La2O3 = 2

3
La3Al11 + Al2O3 (2)

Effect of M/MO Ratio in Al Dross

The analysis of equilibrium states between La2O3 in pure Al at 850 °C can be seen
in Fig. 2a. In the pure Al system, La2O3 was predicted to be reduced completely up
to 56 wt.% La2O3, before AlLaO3 starts to form. All reduced La will be dissolved in
liquid Al metal at lower concentrations (up to ~30 wt%). Starting at 32 wt.% La2O3,
La3Al11 was predicted to form; and at much higher La2O3 concentrations, Al2La and
Al3La were predicted to form. These results show that thermodynamically, an Al-La
alloy could be made by reacting Al and La2O3.

The equivalent calculation of equilibrium of La2O3 mixtures with Al dross, which
contains 20wt.%Almetal and 80wt.%Al2O3, instead of pureAl, was also conducted
and these results are shown in Fig. 2b. At low La2O3 concentrations, all La2O3 was
predicted to be reduced and dissolved in liquid metal up until 9 wt.% concentration
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Fig. 2 Predicted phases/compounds at equilibrium of reactions a La2O3 in pure Al, and b La2O3
in Al dross containing 20 wt.% Al metal at 850 °C

before La3Al11 starts to form. At 20 wt.% La2O3 in the dross, no liquid alloy was
predicted to form, rather all La was predicted to form intermetallic La3Al11. Beyond
that, La2O3 reacted with Al to form AlLaO3.

Effect of Temperature

Figure 3 shows the results of equilibrium reactions between 10%La2O3 with different
dross compositions (WDH, WDL, and WDS) at different temperatures. At 850 °C,
when dross with high Al concentration is used (i.e. WDH and WDS), all La was
predicted to dissolve in the liquid Al. As the temperature was decreased, the La3Al11
intermetallic phase started to form, i.e. at 750 °C and 650 °C in the case of reactions
with WDH and WDS, respectively. At about 650 °C, solid Al alloy (FCC) was
predicted to form.Asmore liquidwas solidified,more solidAl alloy and intermetallic
were formed. At 600 °C, no more liquid alloy was predicted. At this point, almost all
La was predicted to form La3Al11, as the solubility of La in the Al FCCmatrix is only
≈0.02 wt.% La at 600 °C. When dross with low Al concentration was used (WDL),
the La3Al11 intermetallic phasewas predicted to form even at high temperatures. This
was because only a relatively small amount of molten Al was available to dissolve
the reduced La, and therefore, the rest of La forms intermetallic (La3Al11) with Al.

Effect of Salts During Melting in Rotary Salt Furnace

A possibility of Al-La alloy production (by adding La2O3) during dross processing
through Rotary Salt Furnace (RSF) processing was evaluated from a thermodynamic
perspective. In a typical process for Al recovery from dross in an RSF, about 30 wt.%
of a chloride salts mixture is commonly used as cover flux and as a media for oxides
removal. Additives to improve coalescence of molten alloy droplets and to increase
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Fig. 3 Effect of temperature on the phases formation at equilibriumwhen 10wt.%La2O3 is reacted
with a WDH dross, b WDS dross, and c WDL dross

Al recovery in the RSF process are also commonly added to the system in the form
of 5 wt.% of AlF3 or 5 wt.% Na3AlF6.

The results show that the presence of fluoride salt as an additive appeared to inhibit
the process of Al-La alloy formation. In the case of AlF3 additive addition (Fig. 4),
almost all La2O3 reacts with AlF3 to form LaF3 (Eq. 3), instead of reacting with Al
and becoming reduced to form the alloy and the intermetallic. Unlike La2O3, LaF3
could not directly react with Al to form the alloy because the difference in �G° of
formation of AlF3 with LaF3 is higher compared to Al2O3 with La2O3 (Fig. 1). This
model also predicts trace amount of RE halide liquid phases (<0.003 wt.%) at 850 °C
(not shown in Fig. 1).

2AlF3 + La2O3 = 2LaF3 + Al2O3 (3)

Na3AlF6 + La2O3 = 2NaF + NaLaF4 + LaAlO3 (4)
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Fig. 4 Effect of temperature on phase formation at equilibrium when 10 wt.% of La2O3, 30 wt.%
chloride salts mixture, 5 wt.% AlF3 additives, and 55 wt.% dross are reacted. a With WDH dross,
b with WDS dross, and c with WDL dross

2NaF + La2O3 = 2LaOF + Na2O (5)

3LaOF + 3Al = Al2O3 + AlF3 + 3[La]Al (6)

On the other hand, the use of cryolite as an additive slightly improved the yield,
with higher La3Al11 concentration (Fig. 5). This is because cryolite will dissociate
into Na+ and Al3−6 [11]. The reaction between La2O3 and Na3AlF6 (Eq. 4) is more
complex compared to those with AlF3 (Eq. 3) [12]. NaF formed from this reaction
could further react with La2O3 (Eq. 5) (this reaction has been studied by Jang et al.
[13]), and the formed LaOF will be reduced by Al to form the alloy (Eq. 6). The use
of cryolite also resulted in the formation of NaAl9O14, which appeared to be formed
from the reaction between Na2+ in the salt and Al2O3 to form NaAl9O14. This result
may suggest that the use of AlF3 as additive should be avoided and the use of cryolite
as additives should only be conducted with very high cryolite ratio (>3).

Equilibrium calculations were also performed for the system without fluorides
addition, i.e. 10wt.% La2O3—35 wt.% chlorides salts—65 wt.% Al dross, and the
results are presented in Fig. 6. The results show that the chloride salts appeared to
only react slightly with La2O3. Only a trace amount of K2LaCl5 (<10–6 wt.%) was
predicted from this equilibrium reaction (not shown inFig. 6). This resultmay suggest
that chlorides salts could be used in the process without significantly affecting the
alloy formation.
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Fig. 5 Effect of temperature on phase formation at equilibrium when 10 wt.% of La2O3, 30 wt.%
chloride salts mixture, 5 wt.% Na3AlF3 additives, and 55 wt.% Dross are reacted. a With WDH
dross, b with WDS dross, and c with WDL dross

Fig. 6 Effect of temperature on phase formation at equilibrium when 10 wt.% of La2O3, 35 wt.%
chloride salts mixture, and 55 wt.% dross are reacted. a With WDH dross, b with WDS dross, and
c with WDL dross
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Conclusions

Systematic thermodynamic calculations were carried out examining the potential
use of Al dross and La2O3 as the starting material for making Al-La alloy. The
results show that Al dross could be used to reduce La2O3 to produce Al-La alloy.
The maximum concentration of La2O3 in the starting material was predicted to be
20 wt.% before the yield starts to decrease.

Addition ofLa2O3 (andother salt additives) duringAl recovery fromdross through
melting in anRSFwas also simulated to evaluate the possibility ofAl-La alloymaking
during this process. The results predicted that the use of fluoride salts as additives
decreased the yield of La2O3 reduction. This is because La2O3 is predicted to react
with fluoride salt instead of forming an alloy with aluminum. A process with only
chloride salts addition, appeared to provide a similar yield as that of without any salt
additions.

Overall, the results from the current study show that the production of Al-LaAlloy
through reaction between La2O3 and Al dross is thermodynamically possible. This,
however, does not take into account possible kinetic limitations. Hence, further study
and experimental trials are needed to verify this simulation, which will be the next
focus of our activities.
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Selective Chlorination as an Innovative
Extraction Method for Valuable Metals
from Iron Containing Matrix

S. Steinlechner, L. Höber, and K. Witt

Abstract In different nonferrous metal producing industry sectors, the impurity
element iron has to be removed from the process solution. Examples are the jarosite or
goethite from nickel or zinc production but also the red mud from aluminum produc-
tion. Regardless of environmental concerns, the material is land filled in almost any
case, although valuables such as indium, silver, gold, nickel, or zinc are present in
considerable amounts. Within the presented research, a low carbon dioxide emitting
multi-metal recovery from such iron containing residues by means of a selective
chlorination extraction has been fundamentally evaluated by experiments but also by
comprehensive thermodynamic calculations. The paper summarizes the thermody-
namic fundamental concept exploited to separate the dominating iron matrix from
the valuable elements and shows verification experiments in a lab size of several
grams.

Keywords Selective chlorination · Jarosite · Goethite · Iron precipitate · Nickel
industry · Zinc industry · Silver · Zinc · Lead · Indium · Nickel

Introduction

Iron, being the fourth most abundant element in the earth’s crust, is contained
to notable extents in common minerals of base metals like zinc and nickel and
must be separated during their extraction [1–3]. In hydrometallurgy, iron removal
is commonly realized by precipitation methods, generating a purified solution for
further processing and a precipitate as residue, which is usually named after the
formed iron compound. In zinc production, mainly jarosite and goethite residues
occur, while in nickel production, iron is also removed in the form of hematite or
ferric hydroxide [1, 4].
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With the climate crisis as one of the most pressing issues of our time, the need for
cleaner technologies is on the rise and so is the demand for raw materials required
for the transition. Zinc, being mainly applied in the galvanization of steel prod-
ucts, plays an important role in the corrosion protection of wind turbines while
nickel demand increases due to its use in electric vehicle batteries, geothermal power
plants, and hydrogen electrolysis [5, 6]. With zinc and nickel production growing,
so do the amounts of generated residual materials, like iron precipitates. Nowadays,
they are primarily discarded in tailing ponds, which not only poses an environmental
hazard on their surroundings, but also results in an unexploited extraction potential of
contained valuable metals [7–10]. Iron precipitation residues can contain consider-
able amounts of valuable elements, that are partially regarded critical raw materials.
The base metals copper, lead, nickel, and zinc can be found in such residues, but
also technology metals like gallium or indium and the precious metal silver [10]. The
extraction of such elements out of the iron containing matrix could help save primary
resources, reduce waste volumes, and mitigate negative effects on the environment
caused by their disposal [11].

Numerous investigations on possible processing strategies for iron precipitation
residues have been conducted in the past decades, targeting the treatment of residual
materials for environmentally safe disposal and the recovery of economically valu-
able elements. Nonetheless, the only industrially applied methods are in the field
of immobilization and pyrometallurgy. Immobilization still leads to vast amounts
of residues being landfilled, while contained metals are not recycled and therefore
lost. Pyrometallurgical processes, on the other hand, enable the recovery of various
elements, but are usually associated with the emission of greenhouse gases [12].

A novel approach consists of the chlorination of valuable elements and the subse-
quent volatilization of the formed chlorides. Chlorination is an increasingly important
way of extracting nonferrous metals not only from ores or concentrates but also from
industrial residues [13]. Chlorinating agents like gaseous chlorine, hydrogen chlo-
ride as well as chlorides of alkali and alkaline earth metals possess a high reactivity
at moderate temperatures, selectivity in chlorination of the desired metal values, and
an easy availability with low cost [14]. These properties have led to numerous appli-
cations in metallurgy on an industrial scale, like the extraction of titanium, raw earth
elements, tantalum, niobium, or tin [15]. Additionally, chlorination—volatilization
processes have been examined as a means of recycling metals from a wide variety
of wastes and residues, like, e.g., LCD powder, PVC wires, or pyrite cinder [16–
18]. In chlorination—volatilization approaches, a chlorinating agent is added to the
metal-containing material, enabling the separation of volatile metal chlorides from
the non-volatile matter [19]. To volatilize metals, the formation of the respective
metal chloride must be thermodynamically favorable, and its vapor pressure must
be high enough at the given temperature for volatilization. These two requirements
are at the same time the basis for the selectivity of such processes: Various materials
like Al2O3, SiO2, or Fe2O3 fail to fulfill the first one [17]. In the case of Fe2O3, for
example, it would be necessary to provide a reducing agent like carbon in order to
lower the oxygen potential sufficiently for a successful chlorination [14]. The second
one, on the other hand, is often not met by chlorides like NaCl, KCl, or CaCl2, which



Selective Chlorination as an Innovative ExtractionMethod for Valuable… 67

makes the separation of valuable metals, whose chlorides do show the necessary
vapor pressure, from the matrix possible [17].

Materials and Methods

The approach described in this paper aims at processing different iron precipitation
residues with chloridic compounds in a thermal treatment process at temperatures in
the range of up to 1100 °C, leading to a selective removal from valuable metals as
chlorine compounds. The fact that iron chlorinates poorly while other volatile metal
chlorides are formed can be exploited for this innovative separation of valuablemetals
from jarosite or goethite residues. The thermodynamic principles and the behaviour
of investigated residues under thermal treatment are discussed in more detail below.

The basic idea is based on the one hand on the low process temperature compared
to other metallurgical processes required for chlorination and on the other hand on
the carbon addition and thus CO2 emission that is not required due to the direct
chlorination reaction. Figure 1 shows the evaporation temperatures of a variety of
relevant metals in their metallic, oxidic, and as well their chloridic form. The metals
are found to form chlorides in different states of valence, which are considered
in the comparison. The right plot shows the average temperature for metallic and
oxidic compounds as well as for all depicted chlorides. This comparison illustrates
that all investigated metals are more easily vaporized as chlorides and remain non-
volatile in their oxidic state. Themean temperature for the evaporation of chlorides is
significantly lower than that of the metals or oxides. This circumstance together with

Fig. 1 Evaporation temperatures of a range of metals of interest in their metallic, oxidic, and
chloridic form
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the instability of iron chloride, described later, is exploited for selective separation
of valuables from iron precipitation residues.

Jarosite is the mineralogic term for a certain group of basic iron sulfates with the
general formula XFe3(SO4)2(OH)6. The placeholder X is generally represented by
monovalent cations such as Na+, K+, NH4

+, H3O+, Ag+, or ½ Pb+. Similar than in
nature also theprecipitate formsdifferent kinds of jarosite dependingonwhat cation is
added to the process solution or what impurities or also valuable elements are present
in the process solution. Alternatively, iron can be precipitated from sulfatic solutions
also as goethite, with the formula FeO·OH. Both precipitation residues, either from
zinc or nickel industry, can incorporate other valuable metals in their structure or
co-precipitate it as sulfates, oxides, or hydroxides, due to decreasing solubility of the
individual valuable element compounds during the iron precipitation process. Nota-
bles are concentrations of zinc, lead, silver, and indium, as well as nickel, the latter
two being among the world’s critical elements in terms of security of supply [20].

During a possible thermal treatment of these materials, a decomposition takes
place before or in parallel of the actual treatment, leading to a splitting of the
hydroxide and sulfate groups. This results in an easier processability of the simpler
oxidic or sulfatic compounds as well as in an enrichment of the valuable metals
remaining in the matrix. In jarosite with its structural formula XFe3(SO4)2(OH)6,
water is bonded in the form of OH− and H3O+ (in the case of hydronium jarosite).
The evaporation of moisture can be observed below 200 °C, the following split and
removal of OH-group follow up to 450 °C and between 600–850 °C the SO3 is
removed [21], illustrated by Eqs. (1)–(3) exemplarily for a sodium jarosite. This
decomposition can take place either in parallel with the chlorination in a process
step or upstream in order to obtain the SO3 separately from the chlorine compounds
formed.

NaFe3(SO4)2(OH)6 · mH2 → NaFe3(SO4)2(OH)6 + m{H2O} (1)

NaFe3(SO4)2(OH)6 → NaFe(SO4)2 + Fe2O3 + 3{H2O} (2)

NaFe(SO4)2 → Na2SO4 + Fe2O3 + 3{SO3} (3)

Goethite, with its mineralogical structure FeO·OH, decomposes to hematite under
the release of water in one single step. The decomposition start was observed at
200 °C with 96% completion at 400 °C [22]. This decomposition of the iron precip-
itation residues, either jarosite or goethite, is quite intentional, as it also allows any
trapped valuable metals to be released and thus chlorinated separately from the iron
oxide. Anyhow, since jarosite and goethite are precipitated from sulfuric acid solu-
tions, sulfur represents a significant mass fraction in the residual matrix in both
cases. Theoretically, all the valuable metals can therefore also be present as sulphate
compounds. So, calculations were also carried out for the presence of valuable metal
sulfates.
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For the following thermodynamic calculations, mainly the software FactSage but
partly alsoHSCChemistry (CuCl2) were used. The FactSage ReactionModule offers
the possibility of automatically considering elements and compounds in their most
stable form at certain temperatures. Accordingly, any changes in the slopes of the
various curves are due to the melting and evaporation of the components present.
As a pre-stage to temperature-induced evaporation, it is necessary to convert the
metals from their present form into chlorides. In the course of this work, thermody-
namic calculations were used to determine chlorination using chlorine gas, gaseous
hydrochloric acid, and the threemetal chloridesMgCl2,AlCl3, andFeCl3 in theirmost
stable form. The reason for this is the possible dissociation of the chloride compound,
the previous reactionwith split-off hydrate water, or the direct reaction. Sodium chlo-
ride, potassium chloride, and calcium chloride were excluded by tentative experi-
ments but also thermodynamic calculations due to their high stability and therefore
poor suitability to act as chlorination agent for others. For easier comparison, all
reactions are normalized to a total amount of two atoms of chlorine participating in
the reaction as given in Eqs. (4)–(6), exemplarily for oxidic compounds. The term
“Sca” stands for solid chlorination agent, for example,Mg inMgCl2. All calculations
were performed with the FactSage Reaction Module (Database FactPS), taking into
account all compounds in their most stable form at the respective temperature

1/yMexOy + 2HCl ↔ x/ yMeCly + H2O (4)

1/ yMexOy + Cl2 ↔ x/ yMeCly + 1/2O2 (5)

1/ yMexOy + 2/z ScaCl2 ↔ x/ yMeCl2y/z + 2/z MOz/2 (6)

Figure 2a, b is illustrating the results of the performed calculations, respectively,
the Gibbs Energy of the reactions of various metal oxides (a) and sulphates (b) of
interest with hydrochloric acid in the most stable form as a function of temper-
ature. Most metal oxides are transformed to their corresponding chlorides, while
iron oxide theoretically does not react to iron chloride above ~100 °C (red dotted
line). In the case of present sulphate compounds, a temperature above 800–1100 °C is
required, to shift the equilibrium to the product side, respectively, chlorine compound.
However, this thermodynamic consideration does not take into account any other
furnace atmosphere and with that the stability of the sulphates themselves in, for
example, oxidizing conditions, whereby a possible decomposition could take place
and thus result in a reaction of chloride compound with the oxide again. This fact
applies to all subsequent considerations.

The comparisonofFig. 2a, bwithFig. 3a, b—illustrating the reactionwith chlorine
gas instead - draws a somewhat similar picture. In the case of metal oxides, the
decrease in driving force with increasing temperature is less pronounced than for
the reaction with HCl. Generally, copper and nickel oxide show a lower tendency to
react than other metal oxides. The iron oxide is again not stable below 1200 °C in
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(a) (b)

Fig. 2 Gibbs energy of the reactions of valuable metal oxides (a) or metal sulphates (b) and
hydrochloric acid

(a) (b)

Fig. 3 Gibbs energy of the reactions of valuablemetal oxides (a) ormetal sulphates (b) and gaseous
chlorine

the case of oxides and 900 °C in the case of sulphates. All in all, the reaction either
with gaseous chlorine or gaseous HCl shows very similar characteristics.

More interesting than the reaction with Cl2 or HCl seems to be the reaction
with solid chlorine carriers, as these are by far easier to handle. Nevertheless, the
previously mentioned reactions are of great importance as well since they can take
place through a previous reaction of the solid chlorine carriers with hydrate water or
moisture of the residual materials. Based on stability calculations of various metal
chlorides, the decision was taken for the three chlorides MgCl2, AlCl3, and FeCl3.
All three are typically present in their hydrated form and upon exposure to heat, react
with the release of either gaseous chlorine or hydrochloric acid. This would lead to
aforementioned reactions. Nevertheless, also the unhydrated forms can be present as
well and therefore directly react with valuable metal compounds.



Selective Chlorination as an Innovative ExtractionMethod for Valuable… 71

(a) (b)

Fig. 4 Gibbs energy of the reactions of valuable metal oxides (a) or metal sulfates (b) and
magnesium chloride

Figure 4a, b show the reactionswith the solid chlorine carrierMgCl2. All reactions
take place up to a temperature of 1100 °C, except the one with iron oxide. In the case
of sulphate compounds, even iron sulphate reacts to its chloride, being strongly influ-
enced by the stability of the second reaction product, which is magnesium sulphate
instead of magnesium oxide.

With AlCl3, all metals, including iron, can be chlorinated in the complete investi-
gated temperature range, in some cases with high driving forces, as shown in Fig. 5a,
b. Here, the conclusion is obvious that AlCl3 would not be suitable due to the possible
formation of volatile ferric chloride, but formed ferric chloride can also react further
as it is illustrated in the following Fig. 6.

The utilization of iron chloride as solid chlorination agent has two possible advan-
tages. The first is that its formation when using other solid chlorination agents is
unavoidable anyway due to the huge amount of iron dominating the matrix. The
second reason is that the formed reaction product, iron oxide, is not forming any new

(a) (b)

Fig. 5 Gibbs energy of the reactions of valuable metal oxides (a) or metal sulfates (b) and
aluminium chloride
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(a) (b)

Fig. 6 Gibbs energy of the reactions of valuable metal oxides (a) or metal sulphates (b) and iron
chloride

impurity in the already existing iron containing matrix. The reaction of iron oxide
with iron chloride is not illustrated in Fig. 6a, b as the reaction products are the same
as the reactants but it can be seen that in case of metal oxides up to 1100° and in
the case of sulphates up to a temperature of around 700 °C all equilibria are on the
product sides.

Summarizing it can be stated that the chlorination of various valuable metals
from an iron containing matrix is viable based on the carried out thermodynamic
calculations. Due to the low to completely non-existent stability of ferric chloride
compared to the other metal chlorides considered, a satisfactory separation effect
should thus be achievable.

The thermodynamic method development for selective chlorination was veri-
fied by practical experiments utilizing industrial jarosite and goethite from the zinc
industry. The required amount of chlorine was calculated based on the elements and
their chlorine consumption, summarized in Table 1. By far the biggest consumer
of chlorine is for both, jarosite and goethite, the metal zinc with 33% and 70%,
respectively, for goethite. The amount of the residues and chlorine compounds in the
mixtures was calculated based on the required stoichiometric amount of chlorine for
the entire chlorination of specific valuable elements and 5% of the iron in the matrix
according to Eq. (7).

nCl = mr ∗
∑

fCl(i)
xi
Mi

∗ fEl(i) (7)

Table 1 Factors for calculating the chlorine demand

Element K Na In Ag Zn Pb Cu Sn Bi Fe

Chlorine compound KCl NaCl InCl3 AgCl ZnCl2 PbCl2 CuCl2 SnCl2 BiCl3 FeCl3

Chlorine factor fCl 1 1 3 1 2 2 2 2 3 3

Extraction factor fEl 1 1 1 1 1 1 1 1 1 0.05
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The chlorine factor fCl is the ratio of chlorine and the valuable element in the
compound (InCl3: fCl = 3). The extraction factor fEl(i) is the assumed extent of
chlorination of the respective metal, being 1 (100%) for all elements except for iron
0.05 was assumed.

The base value of the respective addition of MgCl2·6H2O, AlCl3·6H2O, or
FeCl3·6H2O, being two times the stoichiometric amount for chlorination, was calcu-
lated according to Eq. (8). Furthermore, the base addition was doubled and tripled,
representing four times and six times the stoichiometric calculated amount.

mChloride(base) = 2 ∗ nCl
fCl/Chloride

∗ MChloride (8)

The experimental evaluations consisted of four campaigns with a total of 36
trials. This included 2 materials, a dried jarosite and a dried goethite, each treated
at 2 temperatures (900 and 1100 °C). The mass of the residue and chlorine carrier
mixture was 80 g, and the treatment time was for all experiments 30 min in a high-
temperature muffle furnace of Nabertherm. The mixtures were charged into the hot
furnace at trial temperature using a silica crucible and placed on a weighing pan
which is connected to the external scale. During the trial, the mass loss was tracked
over the entire experimental time of 30 min. Subsequently, the remaining materials
were milled, packaged, and sent for analysis. The experimental results to interpret
the effectivity of the chlorination procedures are the calculated extraction rates of
specific elements.

Results and Conclusion

The following Fig. 7 summarizes the realized individual extraction rates of the
elements In, Ag, Zn, Pb, Cu, Sn, Au, and Bi of the experiments at 1100 °C. Due
to the significantly lower extraction rates at 900 °C, these values are not presented.

It can generally be stated that the chlorination of iron, shown in Fig. 8, is signif-
icantly lower compared to all targeted valuable elements in the majority of experi-
ments. This confirms the underlying principle of lower affinity to chlorine than the
valuable elements in focus, enabling the separation and extraction from the remaining
iron containing residue.

Summarizing, a novel method for the simultaneous recovery of various valuable
metals via selective chlorination reactions was investigated and tested on an extended
laboratory scale. Amain advantage is that chlorination reactions proceed without the
presence of carbon as a reducing agent and lead to effective evaporation of the targeted
elements. As a result, no greenhouse gas emissions are generated in the process itself,
excluding the necessary energy input for temperature control.



74 S. Steinlechner et al.

78.5 98.1 99.1 42.2 54.1 63.7 43.1 78.7 88.4

55.5 45.1 32.3 13.4 43.1 36 32 47 38.5

79.8 98.1 97.7 39.6 48.4 50.9 50.8 67.2 71.7

85.1 99.2 99.1 42.3 44.4 58.7 45.5 63.1 77.5

37 70.2 64.3 30 33.9 38.6 33.4 38.3 45.4

42.9 62 82.2 9 39.3 37.8 51.8 95.8 97.7

98.9 98.6 98.4 63.6 69.3 78.1 99 98.8 98.6

98.2 99.8 99.8 92.6 95.1 94.6 98.1 99 99.4

48.9 80.2 83.4 52.6 85.9 82.9 59.5 93.7 98.8

96.9 96.3 23.4 97 96.7 67.4 96.8 71 95.6

76.2 93.9 94.3 41.3 61.5 61.1 70.6 86.1 96.8

98.8 98.5 98.3 70.4 88 76.7 75.8 87.8 96.5

68.2 78.2 73.1 54.2 62.2 55.7 57.3 61.2 72.9

8.8 23.5 28 15 49.4 54.4 9.4 58.4 87.8

98.4 98.1 97.8 90.8 98.3 98 98.4 98 97.7

88.9 98.3 98.7 88 96 93.6 88.5 97.1 98.7

M
g

2M
g

3M
g Al 2A
l

3A
l

Fe 2F
e

3F
e

In
Ag
Zn
Pb
Cu
Sn
Au
Bi

El
em

en
t

Jarosite

M
g

2M
g

3M
g Al 2A
l

3A
l

Fe 2F
e

3F
e

In
Ag
Zn
Pb
Cu
Sn
Au
Bi

El
em

en
t

Chloride

Goethite

Fig. 7 Individual extraction rates of the experiments at 1100 °C with varying addition of chlorine
carrier (for example:Mg…base amountMgCl2·6H2O; 2Mg… two times the base amount and four
times the calculated stoichiometric amount, respectively; Al = AlCl3·6H2O, Fe = FeCl3·6H2O)

Mg 2Mg 3Mg Al 2Al 3Al Fe 2Fe 3Fe

0

10

20

30

40

50

Mg 2Mg 3Mg Al 2Al 3Al Fe 2Fe 3Fe

0

10

20

30

40

50

Iro
n 

ex
tra

ct
io

n 
[%

] 900 °C

Iro
n 

ex
tra

ct
io

n 
[%

] 1100 °C

Fig. 8 Iron extraction rates averages over all assessed residues



Selective Chlorination as an Innovative ExtractionMethod for Valuable… 75

Funding This work was funded by the Christian Doppler Research Association, the Austrian
Federal Ministry for Digital and Economic Affairs, and the National Foundation for Research,
Technology and Development.

References

1. Crundwell FK, Moats MS, Ramachandran V, Robinson TG, Davenport WG (2011) Extractive
metallurgy of nickel, cobalt and platinum-group materials. Elsevier, Amsterdam. https://sea
rch.ebscohost.com/login.aspx?direct=true&scope=site&db=nlebk&db=nlabk&AN=383424

2. Frey PA, Reed GH (2012) The ubiquity of iron. ACS Chem Biol 7(9):1477–1481. https://doi.
org/10.1021/cb300323q

3. Sinclair RJ (2005) The extractive metallurgy of zinc, 1st edn. AusIMM (Spectrum
series/Australasian Institute of Mining and Metallurgy, 13), Carlton Vic

4. European Commission, Joint Research Centre, Delgado Sancho L, Roudier S, Farrell F, Cusano
G, Rodrigo Gonzalo M (2017) Best available techniques (BAT) reference document for the
non-ferrous metals industries: industrial Emissions Directive 2010/75/EU (integrated pollution
prevention and control): Publications Office

5. Bobba S, Carrara S, Huisman J, Mathieux F, Pavel C (2020) Critical raw materials for strategic
technologies and sectors in the EU. A foresight study. Luxemburg: Publications Office of
the European Union. https://op.europa.eu/en/publication-detail/-/publication/8e167f11-077c-
11eb-a511-01aa75ed71a1

6. International Energy Agency (2021) World energy outlook special report. The role of critical
minerals in clean energy transitions. Edited by International Energy Agency. https://iea.blob.
core.windows.net/assets/ffd2a83b-8c30-4e9d-980a-52b6d9a86fdc/TheRoleofCriticalMineral
sinCleanEnergyTransitions.pdf. Accessed 28 Mar 2022

7. Di Maria A, van Acker K (2018) Turning industrial residues into resources: an environmental
impact assessment of goethite valorization. Engineering 4(3):421–429. https://doi.org/10.1016/
j.eng.2018.05.008

8. LinsongW, Peng Z, Yu F, Lu S, Yue Y, Li W,Wei S (2020) Recovery of metals from jarosite of
hydrometallurgical nickel production by thermal treatment and leaching. In Hydrometallurgy
198:105493. https://doi.org/10.1016/j.hydromet.2020.105493

9. Pappu A, Saxena M, Asolekar SR (2006) Jarosite characteristics and its utilisation potentials.
Sci Total Environ 359(1–3):232–243. https://doi.org/10.1016/j.scitotenv.2005.04.024

10. ReuterM (2013)Metal recycling.Opportunities, limits, infrastructure.UnitedNationsEnviron-
ment Programme (International resource panel), Nairobi. http://hdl.handle.net/20.500.11822/
8423

11. Ndlovu S (2017) Waste production and utilization in the metal extraction industry. With assis-
tance of Geoffrey S Simate, Elias Matinde, 1st edn. Taylor & Francis Group, London. https://
ebookcentral.proquest.com/lib/kxp/detail.action?docID=4890676

12. Hoeber L, Steinlechner S (2021) A comprehensive review of processing strategies for iron
precipitation residues from zinc hydrometallurgy. Clean Eng Technol 4(1):100214. https://doi.
org/10.1016/j.clet.2021.100214

13. Kanari N, Allain E, Joussemet R, Mochón J, Ruiz-Bustinza I, Gaballah I (2009) An overview
study of chlorination reactions applied to the primary extraction and recycling of metals and
to the synthesis of new reagents. Thermochim Acta 495(1–2):42–50. https://doi.org/10.1016/
j.tca.2009.05.013

14. Jena PK, Brocchi EA (1997) Metal extraction through chlorine metallurgy. Mineral Process
Extract Metall Rev 16(4):211–237. https://doi.org/10.1080/08827509708914136

https://search.ebscohost.com/login.aspx?direct=true&amp;scope=site&amp;db=nlebk&amp;db=nlabk&amp;AN=383424
https://search.ebscohost.com/login.aspx?direct=true&amp;scope=site&amp;db=nlebk&amp;db=nlabk&amp;AN=383424
https://doi.org/10.1021/cb300323q
https://doi.org/10.1021/cb300323q
https://op.europa.eu/en/publication-detail/-/publication/8e167f11-077c-11eb-a511-01aa75ed71a1
https://op.europa.eu/en/publication-detail/-/publication/8e167f11-077c-11eb-a511-01aa75ed71a1
https://iea.blob.core.windows.net/assets/ffd2a83b-8c30-4e9d-980a-52b6d9a86fdc/TheRoleofCriticalMineralsinCleanEnergyTransitions.pdf
https://iea.blob.core.windows.net/assets/ffd2a83b-8c30-4e9d-980a-52b6d9a86fdc/TheRoleofCriticalMineralsinCleanEnergyTransitions.pdf
https://iea.blob.core.windows.net/assets/ffd2a83b-8c30-4e9d-980a-52b6d9a86fdc/TheRoleofCriticalMineralsinCleanEnergyTransitions.pdf
https://doi.org/10.1016/j.eng.2018.05.008
https://doi.org/10.1016/j.eng.2018.05.008
https://doi.org/10.1016/j.hydromet.2020.105493
https://doi.org/10.1016/j.scitotenv.2005.04.024
http://hdl.handle.net/20.500.11822/8423
http://hdl.handle.net/20.500.11822/8423
https://ebookcentral.proquest.com/lib/kxp/detail.action?docID=4890676
https://ebookcentral.proquest.com/lib/kxp/detail.action?docID=4890676
https://doi.org/10.1016/j.clet.2021.100214
https://doi.org/10.1016/j.clet.2021.100214
https://doi.org/10.1016/j.tca.2009.05.013
https://doi.org/10.1016/j.tca.2009.05.013
https://doi.org/10.1080/08827509708914136


76 S. Steinlechner et al.

15. Gaballah I, Bonazebi A, Gaballah L, Kanari N, Menad N, Mugica JC, Coelho MC (1996)
New approach for valuable elements recovery from concentrates & wastes by selective chlo-
rination through binary chlorides. Edited by European Commission. European Commission.
https://cordis.europa.eu/docs/projects/files/BRE/BRE20173/26839761-6_en.pdf. Accessed 21
May 2022

16. Ding J, Han P-W, Lü C-C, Qian P, Ye S-F, Chen Y-f (2017) Utilization of gold-bearing and
iron-rich pyrite cinder via a chlorination–volatilization process. Int J Miner Metall Mater
24(11):1241–1250. https://doi.org/10.1007/s12613-017-1516-0

17. Kameda T, Fukushima S, Grause G, Yoshioka T (2013) Metal recovery from wire scrap via
a chloride volatilization process: Poly(vinyl chloride) derived chlorine as volatilization agent.
Thermochim Acta 562:65–69. https://doi.org/10.1016/j.tca.2013.03.012

18. Park K-S, Sato W, Grause G, Kameda T, Yoshioka T (2009) Recovery of indium from In2O3
and liquid crystal display powder via a chloride volatilization process using polyvinyl chloride.
Thermochim Acta 493(1–2):105–108. https://doi.org/10.1016/j.tca.2009.03.003

19. Grause G, Yamamoto N, Kameda T, Yoshioka T (2014) Removal of lead from cathode ray tube
funnel glass by chloride volatilization. Int J Environ Sci Technol 11(4):959–966. https://doi.
org/10.1007/s13762-013-0286-0

20. Hayes SM, McCullough EA (2018) Critical minerals: a review of elemental trends in
comprehensive criticality studies. Resour Policy 59:192–199

21. Steinlechner S, Antrekowitsch J (2018) Thermodynamic considerations for a pyrometallurgical
extraction of indium and silver from a jarosite residue. Metals 8. https://doi.org/10.3390/met
8030xxx

22. Naono H et al (1987) Porous texture in hematite derived from goethite: mechanism of thermal
decomposition of geothite. J Colloid Interface Sci 120:439–450

https://cordis.europa.eu/docs/projects/files/BRE/BRE20173/26839761-6_en.pdf
https://doi.org/10.1007/s12613-017-1516-0
https://doi.org/10.1016/j.tca.2013.03.012
https://doi.org/10.1016/j.tca.2009.03.003
https://doi.org/10.1007/s13762-013-0286-0
https://doi.org/10.1007/s13762-013-0286-0
https://doi.org/10.3390/met8030xxx
https://doi.org/10.3390/met8030xxx


High Vacuum Solar Thermal Dissociation
for Metal and Oxide Extraction

M. G. Shaw, G. A. Brooks, M. A. Rhamdhani, A. R. Duffy,
and M. I. Pownceby

Abstract The current interest in space-based mineral and metal extraction tech-
nologies, and the increased likelihood of establishing research facilities on the lunar
surface, provides a strong impetus for high vacuum metallurgical research. The
current work examines the viability of a thermal dissociation process for metal
and metal oxide extraction from beneficiated and un-beneficiated lunar feedstocks.
Thermal dissociation experiments using lunar regolith simulants and pure oxide
samples were performed using a bespoke apparatus involving a vacuum reactor
coupled with a solar simulator heat source. Specific focus was given to sub-liquidus
operation and the sublimation ofmetal oxides under low temperature and lowvacuum
conditions. The thermodynamic and kinetic considerations, as well as the practical
demonstration of such a process, are also discussed. This work demonstrates the
potential of utilising the natural high vacuum conditions on the Moon for developing
novel high vacuum extraction processes.

Keywords Solar thermal · Vacuum metallurgy · Astrometallurgy · Thermal
dissociation

Introduction

Vacuum metallurgy as an area of study has been around for many decades [1,
2]; however, industrial implementation has been limited due to the high cost and
maintenance requirements of pumping equipment rendering most potential vacuum
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metallurgical processes un-economic [3]. As a result, very few vacuum metallurgy
processes have been proposed, tested, and implemented industrially. It is not unrea-
sonable to assume that this is in part due to the difficulty in designing and operating
apparatus that has the capacity to operate under high vacuum conditions.We note that
the definition of ‘levels’ of vacuum is somewhat subjective—in the case of the current
work when talking about ‘high vacuum’ we refer to those conditions <10−10 atm and
extending down into the ultra-high vacuum range of <10−14 atm and below.

With multiple international consortiums aiming to send missions to the Moon
in the near term [4], most notably NASA’s Artemis program [5], there will soon
be considerably more access to the easily maintainable high vacuum environment
of space for research purposes. By operating in space or on the lunar surface, the
complexities of designing high vacuum capable, high temperature reactors, and
pumping systems capable of pumping rates sufficient to maintain such conditions
are largely removed from the initial testing processes. While such systems would
still need to be engineered for implementation of extractive processes on Earth,
such advantages could significantly increase the viability of conducting larger scale
testwork in the field of vacuum metallurgy.

Ellinghamdiagrams displaying the specific effect onmetal andmetal oxide system
stability of varying vacuum conditions can be found elsewhere [6]. These diagrams
demonstrate that, theoretically, many metal extraction processes could benefit from
operation under vacuum conditions and some of these have already been partially
investigated in the pursuit of oxygen production on the Moon [7, 8]. For example,
thermal decomposition of metal oxides for oxygen production has been investi-
gated previously [9–13]. Some significant benefits of these processes are the lack of
reagents required for reduction as well as the possibility of using concentrated solar
thermal (CST) energy as a heat source. The current work investigates the nature of
this process in terms of its applicability to metal and metal oxide extraction from
complex silicate ores and its thermodynamic and kinetic viability, and concludes
with a discussion of results from a preliminary laboratory demonstration study.

Evaporation Kinetics

The partial pressure of a phase dictates the pressure of that phase that will be reached
and maintained by evaporation in a system. In order for an oxide to continually
evaporate, the saturated vapor pressure of the oxide, or indeed a sub-oxide of the
material, must exceed that of the ambient or total pressure [14]. At atmospheric pres-
sures, the evaporation and often accompanying thermal dissociation of oxide mate-
rials require extremely high temperatures, well above the liquidus [14]. However, as
ambient pressure decreases, the required saturated vapor pressure for evaporation to
become thermodynamically favourable decreases. With ambient pressures in space,
and specifically on the Moon, having been measured at below 10−14 atm [15], it is
predicted that the sublimation or continuous sub-liquidus evaporation of oxides is
thermodynamically viable under these conditions [16].
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As is well documented, thermodynamic viability cannot be interpreted as kinetic
viability. For example, consider the Hertz-Knudsen-Langmuir (HKL) equation
shown in Eq. 1.

dni
dt

= −A
ae pi,sat − ac pi√

2πRMiT
(1)

In which dni
dt is the evaporation rate in mol/s of substance i, A is the surface area,

pi,sat is the equilibrium partial pressure of the gas species of element i, pi is the
elements’ partial pressure at the surface in question, Mi is its molar mass, ae the
Langmuir coefficient for evaporation and ac the same for condensation, R is the
universal gas constant, and T the temperature [17–20]. It can be seen that pi acts as
a limiting factor and will only directly influence the evaporation rate when relatively
close in value to pi,sat . As pi approaches 0 (i.e. in a vacuum), a change in this value
will not result in a significant alteration to the evaporation rate. Instead, a change in
rate necessitates a change in the pi,sat term.

Since evaporation kinetics correlate to this saturated vapor pressure and there-
fore temperature, the ambient pressure in space, while increasing thermodynamic
viability, does not directly affect the kinetics of such a reaction to any measurable
extent. In fact in practice, under high vacuum conditions the pi in Eq. 1 can be consid-
ered 0, in this case, the equation evaluates what is known as Langmuir evaporation
[17, 20]. As such, while establishing the thermodynamic viability is important, the
industrial viability of sublimation as a mechanism of metal and oxide extraction will
be more limited to the kinetics of sub-liquidus operation.

The thermodynamic basis and kinetic evaluation of the current work have been
discussed in detail elsewhere [16, 21], and this paper will focus on the presentation
of some practical demonstrations of the thermal dissociation of oxides under vacuum
conditions heated using simulated concentrated solar energy.

Methods

Tests in the current work were completed using a 42 kW solar simulator developed
by Ekman et al. [22]. Testing was carried out using a custom-made vacuum reactor
connected to an Ilmvac™ STP-1 turbomolecular pumping station that, in a clean
environment, is capable of achieving a vacuum of below 10−10 atm.

The custom-made reactor tube used for all tests was a silica glass closed end tube
with a length of 400mm, an outer diameter of 34mm, a thickness 2.5mm, and a 5mm
flange at the open end. A 304 stainless steel cooling collar was machined in-house
and consisted of two parts, a water cooled collar that fitted over the silica reactor
itself and a base plate that continued onto a standard KF40 fitting for connection to
the vacuum pump. The reactor tube mounted into the cooling collar can be seen in
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Fig. 1 Vacuum reactor tube connected to a steel cooling collar

Fig. 1. The reactor tube flange was sealed between the base plate and the collar using
Viton™ o-rings.

The full experimental setup can be seen in Fig. 2. The procedure used for disso-
ciation tests was as follows. A ~2.6 g sample (oxides, monomineralic concentrates,
or complex silicate mixtures) was placed in a steel die assembly with a 13 mm diam-
eter. The die was compressed using a manual hydraulic press for 5 min at 9 tons of
pressure. The samples were placed in an alumina boat and dried at 150 °C for at least
2 h. The mass of the samples and the boat were recorded accurately. The silica glass
reactor tube was inserted into the cooling collar (d) and sealed and the samples were
then inserted. The collar was attached to the vacuum pump (c) and pumped down for
1 to 2 h sufficient to achieve a vacuum of below 10–7 atm. The electrically heated
furnace (b) was then turned on and allowed to ramp up to 900 °C. The apparatus
was left over night (~18 h) to de-gas and to pump down to a reaction pressure of
~10−8 atm. The simulator (a) reflectors were cleaned with ethanol and a non-linting
wipe, and the ballast systems (e) were turned on. The simulator was then initiated.
For most experiments, the sample was heated to between ~1000 and ~1150 °C for
2–6 h. It was not possible to run the solar simulator for long times (i.e. days) so for
tests requiring longer run times, the simulator was ‘pulsed’ for four to six hours a day
for two to three days—this was completed depending on the expected volatility of
the sample. The reactor was designed to allow metals and oxides vaporised at high
temperatures to be transported down the tube before depositing on the insides of
the reactor as it exited the furnace body. Once the experiments were completed and
the sample was carefully removed and weighed, the reactor tube with its deposition
bands was preserved for further analysis.

Temperature and pressure readings during the tests were collected using a DT85
series 3DataTaker data logger. TheDataTakerwas controlled using the dEX-2 control
software communicating with the device via a USB connection.

Sample analysis was completed on the deposits coating the inside of the reactor
tubes and in some cases on the reacted pellets. Deposits in the reactor tubes formed
band like structures of different colours and degree of transparency. The deposits
were extremely thin in thickness (estimated at up to a few 10’s of nanometers) and
at different positions along the inside of the tube. For analysis, the reactor tubes
were placed into a plastic bag and carefully broken. Shards that contained specific
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(a)

(b)

(c)

(d)

(e) (f)

(g)

Fig. 2 Swinburne Solar Simulator connected to a turbomolecular vacuumpump. a simulator lamps,
b hybrid resistance furnace with open cavity (facing away), c turbomolecular vacuum pump, d
reactor cooling collar, e simulator ballast systems, f variable height apparatus stand, g vacuum
extension pipe

deposition bands were labelled and mounted onto aluminium sample holders using
carbon dag before being carbon coated for analysis (to prevent the surface of the glass,
an insulator, from charging during analysis). The surface coatings were analysed
using Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy
(EDX). Reacted samples were analysed using X-ray Fluorescence Spectroscopy
(XRF) and X-ray Diffraction (XRD).

Results and Discussion

The conditions and reaction details of the tests completed are listed in Table 1. Feed
samples tested using the above methods included nanophase FeO/Fe2O3 mixture,
ilmenite mineral concentrate, and LMS-1 lunar regolith simulant (supplied by the
Exolith Lab). A blank test under vacuum conditions was run (#1), as was a test
using LMS-1 under atmospheric conditions (#2). Under atmospheric conditions, no
deposit was formed at the flange end of the reactor tube. Under vacuum conditions,
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Table 1 Test conditions for vacuum thermal dissociation tests

Sample # Feed material Average pressure
(atm)

Max temperature
(°C)

High temp duration
(hours)

1 None 1.29E-08 1143 3.5

2 LMS-1 1 1153 2.1

3 FeO/Fe2O3 2.73E-07 1127 1.8

4 FeO/Fe2O3 3.42E-07 1025 4.3

5 Ilmenite 2.74E-08 1116 7.1

6 LMS-1 5.01E-08 1121 4.1

7 LMS-1 8.84E-08 1147 3.5

8 Reacted sample 7 3.83E-08 1151 8.8

but with no sample, a light white deposit consisting of Si and O was formed - similar
deposit bands are not mentioned in the rest of the analysis.

The composition of surficial deposit bands referred to in the current work is from
EDS analysis as discussed above and omits the interference from the strong Si and
associatedO signals. The thin nature of the deposited samples resulted in background
Si andO signals in every analysis from the silica reactor tube. The elements identified
as present in the deposition bands formed in each test are listed in Table 2. It is to be
noted that while accurate mass loss measurements were calculated for each sample,
the estimated errors exceeded the calculated mass losses and thus the results were
deemed insignificant.

Table 2 Elements present in the deposit bands formed after thermal dissociation of samples.
Compositions determined by EDX analysis

Sample # Feed material Deposits found Notes

1 None None (Fractured Si and O) General frosting on glass

2 LMS-1 None No deposit

3 FeO/Fe2O3 (Fe, O)* Distinct brown/deep red
band

4 FeO/Fe2O3 None (Fractured Si and O) General frosting on glass

5 Ilmenite (Zn, O)* Distinct brown/dark brown
band

6 LMS-1 (Na, Cl, K, S, O)*, (F, P, Pb,
Cu)+

Multiple faint bands

7 LMS-1 (Na, K, O) *, (P, Pb, Cu)+ Multiple faint bands

8 Reacted Sample 7 (Na, Cu)** Faint pink band

*Distinct crystals or background layer
+Trace amounts
**Almost below detection limit of EDX scan, predominant reading was Si and O background
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The temperature sensitivity of the sublimation of Fe is evident when comparing
the results of samples #3 and #4, both using a FeO/Fe2O3 mix as a feed material.
While a noticeable deposit of FeO was seen at 1127 °C after reaction for only 1.8 h,
even after 4.3 h at the lower temperature of 1025 °C, no significant deposit was seen
(#4).

The ilmenite sample in test #5 yielded somewhat unexpected results. The ilmenite
used was a naturally-sourced mineral concentrate rather than a chemically pure
sample XRF analysis on the feed material indicated a number of impurity elements
(present as distinct gangue mineral phases), and it was discovered that this mineral
sample contained trace amounts of zinc (0.028%). Zinc iswell known for its volatility
[23] and the main deposition band formed in this test consisted almost exclusively of
ZnO. XRF analysis of the residue indicated that 82% of the ZnO was sublimated out
of the feed sample during the test. Of even more surprise was the discovery that the
ZnO deposit had in some places formed nano-sized rods or filaments. The formation
of these structures is well described elsewhere [23], and further investigation of this
structure formation is beyond the scope of the current work.

With themain target of the currentwork being the demonstration of oxide sublima-
tion for lunar resource processing applications, the majority of tests were conducted
using a feed material of lunar maria simulant 1 (LMS-1). This is a simulated lunar
regolith material developed by the Exolith Lab [24]. It is of note that while some of
the trace elements detected in the deposition bands (F, Pb, Cu, Cl, etc.) are not part
of the bulk composition of the LMS-1 material, they are present in trace quantities
[24]. As was demonstrated by the test with natural ilmenite, the concentration of
these trace elements via vacuum sublimation is not surprising.

Three separate tests were run using LMS-1material. One test was at a temperature
of ~1120 °C for 4 h (#6) followed by two consecutive tests where the reacted samples
from the first test (#7) were transferred to a clean reactor tube before further reaction
(#8). The target temperature for both tests was 1150 °C. Test #8 was allowed to run
for almost twice the duration of the previous LMS tests to allow for even slowly
sublimating material to be captured. The deposition band formed in test #8 can be
seen in Fig. 3.

A secondary electron (SE) image of one of the deposit bands formed during the
reaction of sample # 6 is shown in Fig. 4. For accuracy, most EDX results were taken
at 6000 times magnification; however, the 1500 times SE image in Fig. 4 shows
well what was a common theme in the analysis, that being a general background
coating (in this case predominantly Na with O and Cu), with regularly spaced crystal
structures of varying types representing a concentration of different elements (Na, P,
and O with traces of Cu). Since oxygen was present in the silica tube, it was often
hard to quantify howmuchwas present in the crystal/area in question. A significantly
more thorough analysis would be required to characterise the nature of the individual
crystals formed during the deposition process and since the target of this testworkwas
a demonstration of the sublimation of the feed material under vacuum conditions, it
was deemed beyond the scope of the current work.
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Fig. 3 Na deposition band formed from the sublimation of LMS-1 at ~1150 °C for 8.8 h at 3.83E-
08 atm, after pre-processing for 3.5 h at similar conditions

(a) (b)

Fig. 4 Secondary electron image of deposition sample from solar reactor test # 6 (LMS-1 feed,
1121 °C, 4.1 h, ~5.01E-08 atm). EDX analysis of the red boxed regions indicated the presence of
a Na with trace O, Cu, b Na, P, O, trace Cu

Conclusions

In this work, we have explored the viability of sublimation under high vacuum condi-
tions for metal and metal oxide extraction. Thermodynamically, the dissociation of
oxides is viable at sub-liquidus temperatures under high vacuum conditions such as
those present in space or on the lunar surface. While thermodynamic viability is a
necessary and not insignificant hurdle, of more importance for potential industrial
application is the kinetics of sublimation. The laboratory tests shown in the current
work suggest that the rate of sublimation of oxides is, not unexpectedly, slow at sub-
liquidus temperatures. However, despite the slow reaction speeds, the sublimation
and deposition of multiple oxides were demonstrated, albeit at pressures orders of
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magnitude higher than those expected for operation in space. Fe and O were subli-
mated from a FeO/Fe2O3 concentrate, Zn and O were sublimated from an ilmenite
mineral concentrate, and Na, K, P, and S, and in some cases, trace amounts of Pb, Cl,
and F were sublimated from a lunar maria regolith simulant material. It was apparent
with the FeO tests that the sublimation rate and viability of sublimation at pressures
of 10−7 to 10−8 atm were sensitive to temperature, with the 100 °C temperature
difference between samples #3 and #4 being the difference between a significant
FeO deposition band at the higher temperature (1127 °C), and no visible or measur-
able deposition at the lower temperature (1025 °C). In all tests involving the LMS-1
material, the deposition bands consisted of a background coating (usually Na, and
O, with trace amounts of K, Cu, P, S, F, Cl, and Pb) and liberal smattering of crystal
structures varying from sub-micron size up to those visible with the naked eye.

It is to be noted that in the current work, the operation of the demonstration tests
under high vacuum conditions was difficult. The operation and maintenance of so-
called dirty high vacuum chambers, especially when conducting high temperature
testwork is a significant challenge. This highlights the potential benefits of having
access to the lunar environment in terms of accessibility to testwork such as that
covered here. While the predicted and measured rate of oxide sublimation under
vacuum conditions is slow, there may still be ways of utilising this process in future,
or even ways by which the kinetic viability can be increased. These sorts of fields
of study will, in the future, be much more easily investigated when the vacuum of
space as a resource can be utilised within astrometallurgical research.
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Development of a Dynamic Model
of Collision and Coalescence for Molten
Matte Droplets in Copper Smelting
Reaction Shaft Considering Interfacial
Deformation

Yuko Goto, Shungo Natsui, and Hiroshi Nogami

Abstract In the flash furnace for copper smelting, Cu loss in the slag is an econom-
ically important topic. It is known that the size of the matte droplets, one of the
significant factors of mechanically entrained Cu loss, is complicated by the local
number density in the reaction shaft, initial size, and chemical composition of the
concentrate. Numerical simulation based on a dynamic model can clarify the various
factors’ effects instead of the experimental measurements restricted in the industrial
high-temperature reaction field. In this study, the collision and coalescence behavior
of many droplets consisting of matte and slag with various sizes assumed in the flash
smelting reaction shaft is calculated explicitly by smoothed particle hydrodynamics
method considering interfacial deformation. This numerical simulation visualizes
droplets’ interfacial deformation, matte coalescence, and slag interference. It reveals
the considerable effect of interfacial energy among matte-slag-gas on each droplet
size growth.
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Introduction

A flash furnace, smelting Cu concentrates into Cu matte, increasing the Cu content
from 20–30 to 50–65%, has been widely used in the pyrometallurgical production of
Cu since its industrial development in the past century. The mixture of Cu concen-
trates and flux is continuously fed into the reaction shaft of the flash furnace with
oxygen-enriched air through a concentrate burner. By the exothermic reactions of
sulfide in the Cu concentrate, molten matte and slag are generated, and matte is
separated from slag in the settler. It is required to reduce the Cu loss into slag and
operate a flash furnace with high efficiency to realize a sustainable society.

The matte droplets obtained in the reaction shaft must be well separated from
the slag in the settler. The matte droplets percolate the upper slag layer to reach the
bottom matte layer; otherwise, they are stagnant on the surface of the slag. The past
sampling results and numerical studies show that the separability of matte from the
slag layer in the settler depends on the matte droplet diameter in the reaction shaft
part [1]. Thus, many studies on particle size growth in reaction shafts have been
conducted [2–7].

The reaction model, proposed by Kim and Themelis [2] and further modified by
Jokilaakso et al. [3] and Yli-Penttila et al. [4], explains that the concentrate particles
undergo fragmentation during the oxidization because the internal pressure raised
by the sulfur gasification reaction breaks the oxide shell formed around the particles.
Pérez-Tello et al. [5] confirmed that the fine concentrate particles under 45μmbehave
differently from coarse ones. Namely, the tiny particles melt rapidly, increasing their
mean size by collision. Although the laboratory scale studies show the effect of the
initial size distribution of Cu concentrate, the particle behavior in large-scale reactors
such as commercial furnaces is different and has not yet been fully clarified. Kemori
et al. [7] sampled concentrate particles falling in the reaction shaft of a pilot-scale
flash furnace and confirmed that the mean size and the amount of sulfur eliminated
from the particles increased along the reaction shaft. In their observation, 5–800 μm
droplets were eventually produced from 5–80 μm input concentrates in the reaction
shaft. Thus, from observation results on a laboratory scale experiment, it is expected
that a significant number of collisions and coalescence occur during the flight in the
commercial furnace, as the model proposed by Kemori et al. mentioned.

An image of matte and slag droplet distribution in the reaction shaft is shown in
Fig. 1. Evaluating the frequency of the collision among droplets in the reaction shaft
is essential to estimate the matte droplet diameter that significantly impacts Cu loss.
However, despite its importance, the behavior of the interfacial boundary between
the matte and slag is not well understood.

To describe the movement of the dispersed droplets, the most instinctive approach
is to use amesh-free discrete-element type simulation. In this study, a dynamicmodel
using the Smoothed Particle Hydrodynamics (SPH) method considering interfacial
deformation [8, 9] is developed to evaluate the collision and coalescence behavior of
many droplets consisting of matte and slag with various sizes assumed in the flash
smelting reaction shaft.
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Fig. 1 Image of droplets
distribution in reaction shaft
in flash furnace. (Grey color
shows matte, black color
shows slag)

Numerical Methods

Governing Equation of Liquid Motion and Discretization

The Navier–Stokes equation under adiabatic conditions was adopted to simulate the
movement of many matte-slag binary droplets in the reaction shaft.

Du
Dt

= −∇P

ρ
+ ν∇2u + g + Fs

ρ
(1)

where, Fs, g, P, t, u, ν, and ρ are the interfacial force applied per unit volume [kg
m−2 s−2], gravitational acceleration [m s−2], pressure [kgm−1 s−2], time [s], velocity
[m s−1], dynamic viscosity [m2 s−1], and density [kg m−3]. On the right-hand side of
Eq. (1), the first, second, third, and fourth terms denote the pressure gradient, viscous
force, gravity, and interfacial force, respectively.

In the SPH method [9, 10], the governing equations are discretized and replaced
by particle interaction forces. The interaction is limited to a finite range using an
effective radius h, and density and the other variables in Eq. (1) are calculated using
kernel function W as follows.

ρi =
∑

j

m jW
(
rij, h

)
, (2)

φi =
∑

j

m j
φj

ρj
W

(
rij, h

)
, (3)

where the subscripts i and j denote the particle indices, h is the effective radius [m],
m is the mass of particle [kg], r is a vector obtained from the difference between
particle i and j [m],W is the kernel function [m−3], and φ is the variables in Eq. (1).
In this study, Wendland’s kernel [10] is adopted.



90 Y. Goto et al.

W
(
rij, h

) = 21

16πh3

{(
1 − q

2

)4
(2q + 1) q ≤ 2
0 2 < q

, (4)

where q = |rij|/h.
Thus the Navier–Stokes equation can be discretized as follows, and using the

particle distribution, the velocity and the position of the particle are updated.

m i
Dui
Dt

= −
∑

j

⎛

⎝PiV
2
i + PjV

2
j +

∏

ij

⎞

⎠∇Wij

+
∑

j

2μiμj

μi + μj

(
V 2
i + V 2

j

) rij · ∇Wij∣∣rij
∣∣ + (0.1h)2

uij + mig + Fs,i,

(5)

where V is the volume [m3], μ is the viscosity [kg m−1 s−1] and P is the artificial
viscosity [kg m5 s−2]. Tait’s equation of state is used to calculate pressure.

pi = c2ρ0

γ

{(
ρi

ρ0

)γ

− 1

}
, (6)

where c is the sound speed [m s−1], we set it to 12.24 m/s in this study [8].γ is the
adiabatic exponent, and in this study, γ = 7.0. The subscript 0 denotes the initial
condition.

The potential model Kondo et al. proposed [11] is adopted to calculate the
interfacial tension force.

Fs,i = − 2σi
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)2
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where E is the potential energy [m3], hs is the effective radius [m] and σ is surface
tension [kg s−2], respectively.

This study introduces the multidimensional moving least squares interplant with
constraint condition (CLS) method, as it allows for more accurate approximations
near the boundary sampling points than the standard [12]. The CLSmethod improves
the mass-area-density consistency and filters out small-scale pressure oscillations.

In this study, the models shown above were written in Fortran90. The source
code was GPU-parallelized by OpenACC for speed, compiled with the nvfortran,
the compiler for NVIDIA GPU, and executed using Nvidia A100.
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Fig. 2 a–c Initial placement of matte and slag from each direction (Gray color shows matte, black
color shows slag). d Initial velocity

Calculation Conditions

This study assumes several sets of matte-slag binary droplets generated after the
Cu concentrate reaction, and their collision calculations are performed. Figure 2
shows the initial placement and velocity of the calculated particles. Four droplet size
groups were set. The matte and slag binary droplet sizes are determined that they are
generated after the reaction of the 40, 20, 10, and 5 μm concentrate. The concentrate
is assumed as CuFeS2. The Cu grade of the matte generated after the reaction is set
to 60%, and the Fe/SiO2 of the slag is set to = 2.05.

2CuFeS2 → Cu2S + 2FeS + 0.5S2 (9)

2FeS + SiO2 + O2 → 2FeO − SiO2 + S2 (10)

Table 1 shows the parameters used in this calculation. The matte and slag were
simulated with a collection of 1 μm SPH particles. The initial velocity of each
droplet is set to the terminal settling velocity. Other physical properties used in the
calculations are listed in Table 1.

Results

Figure 3 shows the time change of the droplet distribution. The matte-slag binary
droplets are spherical due to interfacial tension, and the relative position of the
droplets changes during falling due to the difference in the terminal settling velocity.

Figure 4 shows the time change of a droplet morphology. The large droplet impact
to small one at t = 20 μs. A part of the matte in the small droplet contacts the larger
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Table 1 Parameters used in
the calculation [13]

Parameter Value

Concentrate diameter used for
calculation of matte and slag size

40, 20, 10, 5 μm

The initial velocity of the
matte-slag binary droplet

0.343, 0.082, 0.016, 0 m/s

Initial distance of SPH particle 1 μm

The number of total SPH particles 110,848

Time step 10–9 s

Density 4660 kg/m3 (Matte)
3200 kg/m3 (Slag)

Viscosity 0.004 Pa s (Matte)
0.150 Pa s (Slag)

Surface tension 0.43 N/m (Matte)
0.40 N/m (Slag)

Interfacial tension 0.10 N/m

Fig. 3 Time change of droplet distribution. (Grey color shows matte, black color shows slag)

one at the effect at t = 22 μs. After that, most of the matte in the small droplet is
captured in the large matte during falling because the force is worked, reducing the
interface’s size, i.e., the interfacial tension.

The dynamic model developed in this study can visualize the interfacial defor-
mation of droplets, matte coalescence, and slag interference in the flash furnace’s
reaction shaft. In this study, only the difference in terminal settling velocity was
considered. In the flash furnace, the collision frequency is expected to increase
because of the gas-phase turbulence and the ejection of small particles generated
by coarse concentrate rupture. By taking these effects into account, this analytical
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Fig. 4 Time change of droplet morphology. (Grey color shows matte, black color shows slag)

method is expected to represent in-furnace phenomena in more detail. Although
the validation by comparison with phenomena in a flash furnace is a future issue,
the easy-to-understand result obtained by this calculation can be expected to help
consider how to operate a flash furnace.

Conclusion

In this study, the collision and coalescence behavior of many droplets consisting
of matte and slag with various sizes assumed in the flash smelting reaction shaft
is calculated explicitly by smoothed particle hydrodynamics method considering
interfacial deformation using original code written in Fortran90. This numerical
simulation visualizes interfacial deformation of a droplet, coalescence of matte, and
interference of slag, and it showed that the interfacial energy significantly affects
the matte’s size growth. Although it is necessary to consider the effects of other
forces on the droplets and compare the calculation results with actual phenomena in
a flash furnace, these easy-to-understand calculation results seem to be helpful tool
that provides guidelines on how to operate a flash furnace.
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Options for Sustaining Metallurgical
Engineering Education

E. Jak and P. C. Hayes

Abstract Todesign, develop, and efficiently operate the new technologies needed by
the metallurgical industry, we need a skilled workforce with a sound understanding
of the key aspects of the value chain and the metal processing cycle. That is, we need
a workforce with specialist expertise in metallurgical engineering with the ability to
use advanced computer-based tools to analyse, predict, and control these processes.
With few exceptions, the availability of, and enrolments in, metallurgical engineering
education programs around the world are low, and programs are under-resourced.
There are major issues in relation to attracting students, designing and delivering
programs, and ensuring financial sustainability of our university programs. In this
context, we explore the approach taken to the development of the metallurgical engi-
neering program at The University of Queensland, and the teaching of undergraduate
students and engineers working in the metallurgical industry. These examples illus-
trate the importance of engagement with, and support from, industry in order to
significantly increase the number of metallurgical engineering graduates and sustain
metallurgical engineering as a discipline in our universities.

Keywords Education ·Metallurgical engineering · Universities · Industry ·
Sustainability

Introduction

Our present societies face significant challenges such as sustainability and climate
change. Major technological changes are taking place with rapid developments in
renewable energy sources, energy storage, electric vehicles, and electrical and elec-
tronic devices. The growth in the production of advanced materials used in these
manufactured devices has led to significantly increased demands for metals to the
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extent that we are now at the start of the greatest growth in non-ferrous metal produc-
tion the world has seen. This expansion can only be achieved with increased primary
production from ores—from resources with decreasing ore grade. Added to this is the
increase in the number of different metals and combinations of different metals used
in device manufacture. Increased recycling and reuse of metals present in end of life
products leads to significantly increased complexity and variability of metallurgical
process feed streams.

To be able to design, develop, and efficiently operate the technologies of the future,
we need a workforce skilled in metallurgical engineering with a sound understanding
of the key aspects of the value chain and themetal processing cycle. That is, we need a
workforce with a range of specialist expertise in mineral processing,pyrometallurgy,
hydrometallurgy and electro-metallurgywith ability to use advanced computer-based
tools to analyse, predict, and control these processes. Also, we need a work-force
with an understanding and appreciation of the processing steps before and after
metallurgical processing, and of the wider impacts of their actions on society as a
whole [1–6].

The problem is, there are currently simply not enough metallurgical engineers,
and the demand for the metallurgical engineers is rapidly increasing!

In Australia, enrolments in metallurgical engineering programs are low—far
below what are needed to meet existing industry needs, never mind the projected
significant growth. Similar situations exist around the world with few exceptions,
notably in China and South America [6].

There are a number of reasons for this:

(1) Profile of metallurgy or lack of it-most high school and university students are
not aware that the discipline of metallurgy even exists and what it encompasses.

(2) There is a lack of information on what metallurgical engineers do and recogni-
tion of the importance of the discipline to the functioning of our technologically
based societies.

(3) The current financial structures and enrolment system of our universities.

There is an urgent need to reverse this trend of decreasing enrolments in metal-
lurgy and to significantly increase student numbers of graduates in metallurgical
engineering.

Options for Professional Education and Training

Typical academic and training programs offered by universities in Australia include:
Undergraduate Bachelors programs The standard undergraduate engineering

program in Australia is a 4-year Bachelor of Engineering. The programs are accred-
ited by Engineers Australia. The only universities currently offering Metallurgical
Engineering are Curtin University in West Australia and The University of Queens-
land in the State of Queensland in the east of the country. Both of these universities
offer these formal programs through Schools of Chemical Engineering.
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The majority of BE graduates are employed by industry, only a small fraction go
on to more advanced and higher degree studies.

Postgraduate Diplomas Postgraduate Diplomas are offered to graduates with
Science or Engineering backgrounds who have previously not undertaken formal
studies in metallurgical engineering. These can be delivered in residential or distance
education modes, the latter option is intended particularly for people already in the
workforce and is currently offered only by Curtin University.

Coursework Masters Coursework Masters degrees, typically 1 year full time
study, provide useful pathway for broadening knowledge and providing advanced
level skills. However, with the shortages in metallurgical engineering graduates and
excellent job prospects, there is little incentive for domestic students to take on
additional studies and again enrolment numbers are small. As is the case for all forms
of formal education, Masters degrees are only financially viable for universities in
the more popular disciplines where a minimum enrolment can be guaranteed.

Research Masters/PhD Research higher degrees, such as research Masters and
PhDs, provide students with additional skills in investigation, analysis and inno-
vation, and training in the use advanced experimental and/or process modelling
techniques. Research higher degree students are not only the workhorses behind
research undertaken at universities, enabling fundamental research to be undertaken
at reduced cost, but also an important source of professionals seeking research and
development roles in industry.

Continuing Professional Development (CPD)/Short courses/Micro-
credentials Increasingly offered by professional societies, Continuing Professional
Development and Short Courses provide support and broadening experiences to
practicing engineers. These are useful for updates on latest trends but are principally
aimed at information transfer and professional networking. Some universities have
started to market these short courses as Micro-credentials. Whilst superficially
attractive these vehicles, in general, do not lead to “deep learning” of complex,
advanced skills. Deep learning comes from practice in the implementation of these
new skills, and experience shows that the learning process is accelerated by ongoing
support from those skilled in the art—this is the basis for teaching practice.

In cases where the need for particular skill sets has been identified by companies,
special training programs have been developed and delivered by professional engi-
neers to upskill or retrain engineers already working in the metallurgical industry.
Again, to produce effective learning outcomes practice and feedback to students
need to be built into these programs. Examples of these programs include MetSkill
and Metcelerate [7–9] workplace-based training programs designed for professional
engineers with no prior training in mineral processing operations.

Of these options, the largest demand and importance is for graduates with Bach-
elor of Engineering degrees. Education at the undergraduate level has a profound
impact on the fundamental understanding of, and systematic approaches taken to
solve, complex engineering problems. For this reason, the focus should be on the
ways inwhich enrolments in Bachelor level metallurgical programs can be increased.
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Metallurgical Engineering Undergraduate Curriculum at UQ

In Australia, whilst the principal products are mineral concentrates, there are also
significant chemical or extractive metallurgical operations producing refined metals.
The requirement is to produce graduates with a knowledge of the whole value chain
from ore to refined metal products. In addition, the increasing use of computer-based
tools to assist in design, simulation, and control of complex integrated operations has
led employers to preferentially select engineering graduates with the process engi-
neering skills associated with Chemical Engineering programs. At the University
of Queensland, in 2005, following consultation with industry stakeholders, the dual
major BE in Chemical and Metallurgical Engineering was introduced. The devel-
opment of the program was briefly described in an earlier publication [3]. After
operating successfully since its inception, to meet a university-wide restructure of
undergraduate offerings, this program has, as recently as 2021, been rebadged as
a Major in Metallurgical Engineering in the degree of Chemical Engineering. The
courses and the current structure of the 4-year program are illustrated in Fig. 1.
The program consists of a general first year of engineering mathematics, computer
programming, engineering thermodynamics and chemistry with elective courses to
enable students to broaden their understanding of other engineering disciplines. The
second year provides a sound background in engineering sciences and process engi-
neering fundamentals. Included here is the first course in metallurgical engineering,

UQ Metallurgical Engineering program plan

Year 1  
Sem. 1

Professional 
Engineering

Calculus & Linear 
Algebra

Thermodynamics: 
Energy and the 
Environment

General Elective

Year 1 
Sem. 2

Computer 
Programming

Multivariate 
Calculus & ODEs Chemistry General Elective

Year 2 
Sem. 3

Mass & Energy 
Balances 

Investigation & 
Statistical 
Analysis

Fluid Dynamics Physical Chemistry 
for Engineering

Year 2 
Sem. 4

Process 
Equipment & 
Control Systems 

Chemical 
Thermodynamics

Heat & Mass 
Transfer

Metal Production 
and Recycling 

Year 3 
Sem. 5

Unit Operations/ 
Process Control

Reaction 
Engineering Major elective Major elective

Year 3 
Sem. 6

Process Systems 
Analysis

Dynamic 
Modelling & 
Control

Process Mineralogy 
and Comminution

Physical Separation 
Processes

Year 4 
Sem. 7

Impact/Risk in the 
Process Industries

Professional 
Business/Practice Pyrometallurgy

Hydrometallurgy 
and 
Electrometallurgy

Year 4 
Sem. 8 Process Engineering Design Project Major elective Major elective

Fig. 1 The courses and the current structure of the 4-year BE program in Chemical Engineering
with the Major in Metallurgical Engineering at The University of Queensland
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a general introduction to the whole value chain from ore, through metal production,
to metal recycling. This introductory course is an elective course for Chemical Engi-
neers and students in other branches of engineering, e.g. mining engineering and
science students, including Earth Science.

An important feature of the Metallurgical Engineering Major program is the flex-
ible entry up until the start of year three of the program. The delay in specifying the
metallurgy major has been an important factor in keeping opportunities open and
allowing for articulation of students from related programs. Most students leaving
high school are unaware of the metallurgical engineering discipline and the career
opportunities it provides.

Years 3 and 4 of the program provide advanced courses in process engi-
neering, and the application of physical and chemical fundamentals to metallur-
gical processes through specialist courses in process mineralogy and comminution,
mineral processing separations, hydro- and electro-metallurgy, pyrometallurgy, and
metallurgical plant design.

The major provides the core engineering science and process engineering knowl-
edge and skills associated with conventional chemical engineering programs. The
systems approach, and with it the use of process modelling tools, provide the ability
to quantitatively describe and analyse material flows in complex integrated plant
operations.

Currently, all students studying metallurgical engineering at Curtin and UQ are
required to take a capstone plant and process design course in the 4th year of their
studies. The design brief is developed in conjunction with industry, who supply real
data on key characteristics of a number of different ore deposits in different locations.
The students are required to use what they have learnt in their previous specialist
metallurgy and process engineering courses to develop a prefeasibility report on
these options, including flow sheet design and equipment selection, process costs,
and societal impacts. The students work in groups during the semester and produce a
joint report. At the start of the semester, a special workshop involving the students and
professional engineers is held giving the students the opportunity to learn directly of
issues related to industrial practice and to use this information to inform their process
selection and design. The design course is financially supported by the Minerals
Council of Australia (through theMinerals Tertiary Education Council, MTEC) [10].

The current metallurgy major is accredited by the Institution of Chemical Engi-
neers (I. Chem. E., London), Engineers Australia (EA), and the Australasian Institute
of Mining and Metallurgy (AusIMM).

This program structure not only allows students from other engineering programs
within UQ, other tertiary institutions in Queensland or interstate to transfer without
loss of credit for prior study into the program, but also provides opportunities to
international students to join the program in the later years through 2 + 2 and 2 + 3
programs with other universities.

The students are attracted to the wider career options on graduation and in their
future careers offered by the chemical engineering program but also view favourably
the enhanced job opportunities on offer by specialisation in an identifiable industry
sector.



100 E. Jak and P. C. Hayes

The metallurgical engineering major provides students with the appreciation and
understanding of the critical link between material microstructure and processing
requirements, and the interrelationship of process steps in the metallurgical value
chain, from ore through to refined metal. These concepts are equally important for
the development of efficient methods of recovery of metals from end of life devices
[11]. As ores and materials become more complex in physical structure and in the
combination of elements present, it is increasingly important to develop engineers
who can understand, integrate, and optimise combinations of physical and chemical
processing operations. This combination of chemical and metallurgical engineering
provides graduateswith the fundamental knowledge and skills sought by theminerals
industry.

Actions Needed to Increase Metallurgical Engineering
Enrolments

Providing an attractive curriculum structure is on its own not enough to obtain the
level of enrolments needed in these Metallurgical Engineering programs.

Profile/SocialMedia The explanation givenmost often by students as towhy they
did not enrol inmetallurgical engineering is that theywere unaware that the discipline
even existed at the time they made their choices at high school or universities. They
had no idea of the key role played by metallurgical engineers in delivering the metals
we need to sustain our technologically based societies.

Students of today are much more aware and concerned about major issues, such
as climate change, pollution, and social responsibility, and want these issues to be
addressed in their learning programs [4, 5]. The image of themining andmetallurgical
industry as dirty and harmful to the environment is not attractive. The widespread
acceptance of the need to address the climate emergency provides the opportunity
to change this narrative. The messages we post in the media to potential students
should highlight the importance and need for metals to be able to manufacture the
advanced materials that will be used in the emerging technologies and in supporting
the transition to sustainability. The need for increased recycling and reuse of mate-
rials is recognised and accepted in the community but the significant challenges of
separating and reusing metal alloys need to be further highlighted. These messages
have to be conveyed to high school students as well as engineering students at the
start of their university education - these are the critical times when decisions are
made by young people on subject and course selection.

Flexible entry In many instances, the students enrolling university for the first
time are often required to select the Department or area of specialisation at this entry
point. This is a major disadvantage for metallurgical engineering since most students
are unaware of the discipline and its significance at this point in their life. Univer-
sity administrations should be encouraged to allow flexible entry into metallurgical
engineering during years 1 and 2 until the start of year 3 of a 4-year program.
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This delay in selecting the area of specialisation allows the student time to come
into identity with and experience what might be their future career direction.

Engagement and support At most universities, there are student activities and
societies that promote the various disciplines. Academic staff and students can
contribute to spreading the word about the discipline and the advantages of studying
metallurgical engineering, through, for example,

• The establishment of students societies, and engagement in sponsored activities
and events

• Contributing to activities organised by other university societies and departments
• Actively publicising metallurgical events and activities through Social Media

networks.

Here also is an opportunity for industry to demonstrate to that there are exciting,
challenging, and promising career paths in the metallurgical industry. Industry can
usefully contribute to the recruitment process through,

• Presentations to students at informal social events.
• Facilitating visits by high school, and 1st and 2nd year university student cohorts,

to working process plants, particularly targeting students in regional areas and
those areas where there are existing or potential industrial metallurgical activities.

• Awarding fee and living scholarships to students taking up studies in the discipline.
• Providing students with paid part-time work experience/internships with profes-

sional engineers between classes during semesters.
• Providing students with paid work during the long vacations between university

studies.
• Developing and encouraging participation of industry professionals in mentor

schemes for undergraduate and graduate engineers.

Many professionalmetallurgical engineers cite their visits to industry and employ-
ment experiences as undergraduates as the key factor determining their decision on
the directions of their future careers.

Resilience University enrolments in professions closely associated with the
minerals closely follow the business cycle and in general reflect commodity prices
and companyprofits. Enrolments tend to increasewhen industry is promoting positive
messages, making new investments, and hiring workforce. Since it takes approxi-
mately 4 years for students to complete their degrees, the graduation of these students
may coincide with downturn in economic activities, times when people are laid off
to maintain profit bottom line. These periodic downturns do not unnoticed by Mums
and Dads who have influence on the future of their sons and daughters. The minerals
industry continues to have a bad reputation in this regard hiring and firing rather
than strategic development and retention of key members of its workforce. Mean-
while, universities are expected to maintain the education programs through these
economic cycles. To attract the best and brightest to metallurgical engineering the
industry must address, this as an issue and commit to developing attractive career
paths for young engineers.
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Strategic development of the discipline is also needed to provide opportunities
for careers within universities so that research academics can continue to create new
ideas, innovate, and at the same time also support the commercial implementation of
new technologies. This approach would be of benefit to universities and to industry.

This could be achieved by creating and funding a new class of research academics,
having specialist metallurgy skills and expertise, who would develop and under-
take teaching specifically for industry in their field of specialisation, in addition to
undertaking advanced research to support industry.

Potential objectives of such a program could be to

• Provide rapid responses to industry training and educational needs in key specialist
fields.

• Transfer key skills in the use and application of specialist skills and advanced
predictive tools to engineers in industry.

• Integrate these educational programs into graduate training programs for industry.
• Enhance collaboration and cooperation between industry and universities on the

development of research projects, and the implementation and optimisation of
industrial technologies.

• Provide job certainty for metallurgy research academics and career pathways into
academia.

• Strengthen the sustainability and funding of university metallurgy research.

The detailed arrangements between industry partners and the universities would
likely differ with industry requirements and host universities. All parties would
benefit from this type of collaboration. Industry has access to researchers with
advanced skills and expertise in specialist fields, enabling them to rapidly upskill their
workforce in key areas of need. Universities and research teams are able to attract and
retain high quality researchers. New pathways for career development are created
for postdoctoral researchers with industry focus with potential for advancement in
industry or universities.

Financial sustainability In most countries, universities are under financial pres-
sure and are increasingly forced to operate as discrete financial entities, i.e. they are
run as educational business units. The educational programs offered are increasingly
determined by economic considerations rather than the strategic needs of our soci-
eties. These pressures favour programs having larger student enrolments over smaller
specialist programs, such as metallurgical engineering.

The predominant source of funding for most universities in Australia is through
undergraduate programs – student fees andGovernment funding based principally on
the number of students enrolled. In general, the fee income per student for the univer-
sity from domestic students is lower than from international fee paying students.
This led to significant proportions of enrolments of international students in the
more popular disciplines. However, the recent restrictions on movement stemming
from the COVID virus outbreak and geopolitical tensions have resulted in signifi-
cant declines in international student enrolments. This has placed additional financial
pressures on the universities that have come to rely on this source of income.
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To offer accredited programs for graduates the university must provide a
sound curriculum and sufficient qualified academic staff. Rationalising the teaching
resources available by combining classes from related discipline areas is one way in
which costs can be reduced and academic teaching loads reduced, as demonstrated
in the example of the UQ major in metallurgical engineering. However, there comes
a point at which further reductions leading to cancellations of key specialist courses
diminish the quality of learning program. Reducing program quality leads to loss of
reputation and standing in the field and further difficulties in recruiting students—this
becomes a downward spiral, which cannot be reversed without a capital injection.
This point is where industry needs to make a choice. It can ignore the problem and
allow the progressive loss of courses, leading to further reductions in competencies
of graduates and availability of academic staff in metallurgical engineering, or it can
be proactive in supporting programs it sees valuable for its future workforce needs.

If there are no graduates in metallurgical engineering, then industry has some
choices to make, (i) put up with decline in the competency of its workforce and
the adverse impact of efficiency and productivity, (ii) spend money, time, and effort
retraining its workforce internally using highly paid industry specialist engineers
in the desired skills, or (iii) alternatively, invest in university education, providing
financial and other contributions to ensure there are sufficient graduates in the market
place.

There are examples of direct targeted industry financial support to universities in
the form of

• Academic staff fixed term or endowed teaching academic positions
• Specific teaching programs/courses
• Donations of equipment in support of teaching or research.

Now is a period of growth for our industry, why not make what are modest
investments in supporting metallurgical engineering education? This would be to the
benefit of industry, universities, and the wider society.

Industry and Governments can also play a role by changing the language that is
used to inform the general public about the key role of downstream processing. It
is not all about “mining” and “critical minerals”, the narrative needs to be changed
to explain the whole value chain with emphasis on critical metals, metal recovery,
reuse, recycling, and sustainability. These are the messages that the young people
want to and need to hear.

The metallurgical academic staff at our universities can and should encour-
aged and allowed to play a key role in facilitating these actions and messages by
actively working with, and coor-dinating interactions between the major parties-
industry, university management, and students. Metallurgical academic staff have
direct working interactions with all these key stakeholders and are ideally placed to
drive these initiatives.

All of these messages should be aimed at achieving a dramatic increase in the
number of metallurgical engineering graduates. This is the key to ensuring the
sustainability of metallurgical engineering as a discipline in our universities and
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to the supply of metallurgical graduates to the society, professionals capable to
tackle the current major challenges.

Summary

We live in a time when there is an increasing demand for graduates with skills in
metallurgical engineering due to the transition to renewable energy technologies,
the electrification of transport, and many aspects of operations in our everyday life.
However, the low student numbers over recent years have left most countries with a
metallurgical skills shortage. In this paper, some suggestions as to how enrolments
in metallurgical engineering can be increased have been provided. Universities can
assist to facilitate the increase in metallurgical engineering enrolments by creating
flexible pathways and supporting programs for students; however, they need help
from industry - and industry needs graduates.

A more strategic view of tertiary education is needed, the one in which there
is shared responsibility between universities and the metallurgical industry for, and
ownership of, the workforce development. This will enable increased awareness of
opportunities in the industry, encourage increased student enrolments in metallur-
gical engineering, and support for the financial sustainability of key metallurgical
engineering programs.
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Separation of Co(II) Over Ni(II)
from Chloride Leached Solution of Spent
Li-Ion Batteries Using Cyphos IL104

Sadia Ilyas, Hyunjung Kim, and Rajiv Ranjan Srivastava

Abstract The hydrometallurgical separation of cobalt and nickel was achieved from
HCl leached solution of spent Li-ion batteries, while applying Cyphos IL104 as a
potential extractant. Cobalt extraction significantly increases with increasing Cyphos
IL104 and Cl− ion concentrations, and equilibrium pH (pHeq). Under the optimized
condition of 0.8 mol·L−1 Cyphos IL104, 3.0 mol·L−1 Cl− ions, pHeq value 5.0, and
O/A ratio of 2/3 could extract >99% Co with only 3% Ni into the organic phase.
The back-extraction of cobalt performed with 2.0 mol·L−1 H2SO4 solution yielded
99.95% stripping efficiency and was crystallized to obtain high-pure CoSO4.xH2O
crystals.

Keywords Hydrometallurgical recycling · Li-ion batteries · Ionic liquid

Introduction

Lithium-ion batteries (LiBs) are widespread employed in most of the new genera-
tion electronic devices for their portable use [1, 2]. At present, the electric vehicles
(EVs) are the main consumer of LiBs with an estimated consumption over 700 GWh
by 2030 [3–5]. It comes together with the challenges of meeting the continuous
demands for strategic and rare, and the sustainable management of spent LiBs with
8–10 years of lifespan containing the metal compounds therein. Recycling of spent
LiBs is therefore a necessity which can be an environmentally friendly solution to the
problems. Moreover, a considerable number of metals in spent LiBs (i.e., 10–30%
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Cu, 5–20%Mn, 5–30%Co, 5–20%Ni, and 2–7% Li) can be regarded as a secondary
source of the strategic-rare metals [6, 7].

Among the reported recycling techniques, hydrometallurgical recycling has been
found to be advantageous than pyrometallurgy because of a greater yield, low energy
consumption, and lower carbon footprints. It involves pre-treatment, discharging,
shredding, sieving and separation, leaching, and separation and purification steps.
These steps are complex andparticularly to dealwith a challenging issue of hydromet-
allurgy for the liquid–liquid separation of Co(II) and Ni(II). For isolating targeted
metal ions from the leach liquor, the liquid–liquid (solvent) extraction is widely
employed. Many works have been done on cobalt and nickel extraction using acidic
organophosphorus extractants from the acidic solution.The separation factor between
cobalt and nickel increases in the following order: phosphoric acid (D2EHPA) <
phosphonic acid (PC88A) < phosphinic acid (Cyanex 272) and pH50 values were
determined to be Co (3.68) and Ni (3.86) for D2EHPA, Co (4.2) and Ni (5.7) for
PC88A, and Co (4.2) and Ni (6.2) for Cyanex 272, respectively [8, 9].

Further, the use of ionic liquids offers an environmentally friendly alternative
to conventional organic solvents in several applications. The advantageous features
of low vapour pressure, high chemical and thermal stability, and a greater loading
capacity have gained significant attention in solvent extraction of metal ions as well
[10, 11]. Flieger et al. [12] employed the aqueous biphasic systembased on1-hexyl-3-
methylimidazolium tetrafluoroborate [HMIM][BF4] and NaCl as a salting-out agent
to separate cobalt over the co-existing metals including nickel. Comparative study
conducted by Zhu et al. [13] observed that tri-hexyltetradecylphosphonium chloride
(Cyphos IL 101) exhibited a higher cobalt extraction than that of trioctylmethy-
lammonium chloride (Aliquat 336) and tri-octyldecyl amine (Alamine 336) from a
nickel laterite leach liquor. Hoogerstraete and Binnemans [14] applied undiluted
trihexyl(tetradecyl)phosphoniumnitrate to extract samarium and lanthanum over
cobalt and nickel, respectively. All these ionic liquids follow the anion exchange
mechanism.

To the best of our knowledge, there is no report on cobalt-nickel separation using
Cyphos IL104 from the leached solution of spent LiBs. The parameters such as
equilibrium pH (pHeq), temperature, and organic-to-aqueous (O/A) phase ratio were
varied to examine the maximum separation between Co(II) and Ni(II). The loaded
organic was stripped to recover the high-pure cobalt from the spent LiBs and shows
the process leading towards the circular economy of this strategic-rare metals.

Experimental

The feed solution used in this study was generated by the leaching of NMC-cathode
powder (containing 20.2%Co, 0.9%Ni, 6.2%Mn, and 4.8% Li) while maintaining a
pulp density of 20%. The obtained leach liquor was then undergone for Mn-removal
by the oxidative precipitation using KMnO4 as described by Sattar et al. [15]. The
Mn-depleted solution containing 10.2 g·L−1 Co, 0.42 g·L−1 Ni, and 2.3 g·L−1 Li
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was further used as the stock solution to feed in the present study. The ionic liquid
Cyphos IL104 (Cytec Industries Inc.) and diluent solvent C10 (SOLVENTIS) were
used for the preparation of organic feed. Hydrochloric acid (Daejung) and sulfuric
acid (Lab-Scan Analytical Science) were used without further purification.

All the experiments were performed at an O/A ratio of 1/1 using 30 mL volume
of each phase in a 100 mL separating funnel. Until mentioned specifically, other
parameters like contact time (10min), temperature (25± 1 °C), and phase separation
time (10 min) were maintained unchanged. After the equilibration, two phases were
separately collected and the raffinate was taken for metal analysis using an induc-
tively coupled plasma–atomic emission spectroscopy (ICP–AES, iCAP6000 series,
Thermo Scientific). The metal concentration in organic phase was determined by
mass balance between the aqueous feed and raffinate. Further, the distribution coef-
ficient (D), extraction efficiency in percentage, and molar separation factor (β(Co/Ni))
were determined as follows:

D = CEorg

CEaq
(1)

where CEorg and CEaq are post-extraction metal concentration in the organic and
aqueous phases, respectively.

Extraction, % =
⎡
⎣ D ×

(
Vorg

Vaq

)

D ×
(
Vorg

Vaq

)
+ 1

⎤
⎦ × 100 (2)

where Vorg and Vaq are volumes of the organic and aqueous phases, respectively.

β(Co/Ni) = DCo

DNi
(3)

Subsequently, the strippingwas carried out by contacting the loaded organic phase
with H2SO4 solutions of different concentrations, O/A phase ratio of 1/1, and time
10 min. Both phases were separated after 10 min of settling, and then, the aqueous
phase was analyzed for knowing the stripping efficiency as follows:

Stripping,% =
[
CSaq × Vaq

CSorg × Vorg
× 100

]
(4)

where CSorg and CSaq are post-stripping metal concentration in the organic and
aqueous phases, respectively.
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Results and Discussion

Effect of Extractant Concentration

The extraction efficiency of Co(II) and Ni(II) was investigated at different concentra-
tions of Cyphos IL104 in the range of 0.1–1.0 mol·L−1, while keeping an O/A ratio
constant at 1/1. Figure 1 shows that the extraction of Co(II) increased with increasing
concentration of Cyphos IL104 molecules into the organic phase. It can be seen that
Co(II) extraction improved from <10% to >50% by increasing the extractant concen-
tration from 0.1 mol·L−1 to 0.5 mol·L−1, respectively. The extraction reached >90%
using >0.9 mol·L−1 Cyphos IL104, which can be ascribed to the shift in distribu-
tion curve with increasing concentration of ionic liquid in the organic phase [16,
17]. However, the co-extraction Ni(II) also increased with >0.5 mol·L−1 of Cyphos
IL104, yielding >17% co-extraction of Ni(II). Further, the calculated molar separa-
tion factor (βCo/Ni) in Fig. 1 depicts an increasing trend reaches ~90 with 0.8 mol·L−1

Cyphos IL104. Then after, it decreases to a value near about 50 with 1.0 mol·L−1 of
Cyphos IL104.
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Fig. 1 Extraction behaviour of Co(II) and Ni(II) as a function of Cyphos IL104 concentration in
the organic phase
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Fig. 2 Extraction behaviour of Co(II) and Ni(II) as a function of equilibrium pH

Effect of Equilibrium pH

The extraction efficiency ofCo(II) andNi(II)was investigated at different equilibrium
pH (pHeq) varied in the range of 2.6 to 6.0, while 0.8 mol·L−1 of Cyphos IL104 and
O/A ratio of 1/1 were kept constant. Figure 2 shows that the extraction of Co(II)
increased from 34 to 91% in between the pHeq value 2.5 and 6.0. The co-extraction
of Ni(II) increased from 1.8% to 12.8% within the same range of pHeq. A higher
selectivity over Ni(II) can be understood by a greater ratio of water exchange for
Co(II) than for Ni(II) that leading to form an easy complexation between Co(II) and
Cyphos IL104 [17, 18]. Further, the calculated βCo/Ni of 79.0 obtained at a pHeq 5.0
was found to be optimal (Fig. 2).

Effect of Chloride Ions

The extraction efficiency of Co(II) and Ni(II) was investigated at different chloride
concentration in the range of 1.0 to 4.0 mol·L−1 Cl− in the aqueous phase. Figure 3
shows that the extraction of Co(II) increased from ~80% to 92% with increasing
chloride ions from 1.0 to 2.5 mol·L−1, respectively. After that, Co(II) extraction
did not change and found about 94% at ≥3.0 mol·L−1 of Cl− concentration in
the aqueous phase. It can be understood by Cl− ions driving the ion-pairing with
the trihexyl(tetradecyl)phosphonium molecules of Cyphos IL104 that split at the
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Fig. 3 Extraction behaviour of Co(II) and Ni(II) as a function of chloride ion concentration

extraction equilibrium [18, 19]. However, the co-extraction of Ni(II) did not show
remarkable change with changing Cl− ion concentration. Thus calculated βCo/Ni was
found to be >210 at a Cl− concentration of ≥3.0 mol·L−1 (Fig. 3). Based on the
experimental results, the extraction reaction can be written as follows:

Co2+ + 2Cl− + 2
[
R3R′PA

] ↔ 2
[
R3R′PCl

] + [CoA2] (5)

Effect of Temperature

The extraction efficiency of Co(II) and Ni(II) was investigated at different temper-
atures ranges from 25 °C to 55 °C, and keeping 0.8 mol·L−1 Cyphos IL104,
3.0 mol·L−1 Cl−1, pHeq 5.0, and O/A ratio of 1/1 unchanged. Figure 4 shows that
raising the temperature could slightly improve Co(II) extraction from 93% to >96%
(at 25 °C and 55 °C, respectively). This behaviour can be understood by the metal-
binding sites of Cyphos IL104 which improves with raising the temperature [16, 17].
The co-extraction of Ni(II) was unchanged at ~7% only. Thus, the calculated βCo/Ni

improved more and reached >290 at 55 °C. Further, the thermodynamic properties of
Co(II) extraction were determined using the van’t Hoff equation, as follows [16, 20]:
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Fig. 4 Extraction behaviour of Co(II) and Ni(II) as a function of temperature

lnDCo = −�H ◦

RT
+ �S◦

R
(6)

The slope and intercept values of ln [DCo] versus 1/T (not shown here for the
sake of brevity) were used to calculate the apparent changes in both enthalpy (�H°)
and entropy (�S°), which were obtained to be 10.8 kJ·mol−1 and 59.9 J·K−1·mol−1,
respectively. Further, the values of �H° and �S° were used to calculate the change
in standard Gibbs free energy (�G°) as follows:

�G◦ = �H ◦ − T�S◦ (7)

The obtained values of extraction thermodynamics indicated that cobalt extraction
with ionic liquid is a spontaneous process of endothermic nature, which tends to
disrupt the organic molecules when metal is being complexed into the immiscible
phase [17].

Effect of O/A Phase Ratio

The extraction efficiency of Co(II) was investigated at different phase ratio varied
from3/1 to 1/3 by equilibrating both aqueous and organic phases at a fixed unchanged
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Fig. 5 Extraction isotherm of Co(II) plotted as a function of O/A phase ratio

volume. As can be seen, the increase in O/A ratio from 1/3 to 3/1 could signifi-
cantly increase Co(II) extraction from 72% to about 99%, respectively. The extrac-
tion isotherm plotted in Fig. 5a shows that a 3 stage counter-current extraction at an
O/A phase ratio of 2/3 can quantitatively extract Co(II) over Ni(II). Further, a batch
simulation study was investigated and the steady-state data were obtained for metal
distribution, which showed 20 mg·L−1 Co(II) corresponding >99% extraction effi-
ciency. The extraction phase organic contains ~3% Ni(II) that yielded a separation
factor (βCo/Ni) of 1097.

Cobalt Recovery from the Loaded Organic Phase

Co(II) stripping from the loaded organic phase was investigated at different H2SO4

concentrations ranges from 1.0 to 4.0 mol·L−1 at an O/A ratio of 1/1. Results in Fig. 6
showed that stripping efficiency increased with increasing acid concentration in the
aqueous phase. >90% Co(II) was stripped when contacted with 2.0 mol·L−1 H2SO4

solution,whichwas only 39%with 1.0mol·L−1 H2SO4. Further, the stripping reached
about 99% when contacting ≥3.0 mol·L−1 H2SO4 solution with the loaded organic;
however, to keep a lower consumption of acid, a two-stage stripping under counter-
current contact was performed using 2.0 mol·L−1 H2SO4 solution. A quantitative
stripping (~99%) was achieved after a two-step contact, which was 91.6% with a
single contact. The stripped solution contains 15.2 g·L−1 cobalt and 20 mg·L−1

nickel was evaporated to crystallize the sulfate salt of cobalt and analyzed to be
CoSO4·xH2O phase as the final product.
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Fig. 6 Stripping behaviour
of Co(II) from loaded
organic phase as a function
of acid concentration

1.0 1.5 2.0 2.5 3.0 3.5 4.0
0

20

40

60

80

100

St
rip

pi
ng

 e
ffi

ci
en

cy
, %

H2SO4 concentration, mol.L−1

Conclusions

This study demonstrated a novel liquid–liquid separation of cobalt and nickel from
an HCl leached solution of spent Li-ion batteries by applying Cyphos IL104 as
a potential extractant. The results showed that ~95% cobalt was extracted with
0.8 mol·L−1 Cyphos IL104 and 3.0 mol·L−1 Cl− ions in the aqueous solution at an
O/A ratio of 1/1 and a pHeq value of 5.0, thereby yielding the maximum separation
value of βCo/Ni = 254. The extraction at a different O/A ratio of 2/3 under 3-stages
of counter-current contact yielded about 99% Co(II) with only 21 mg·L−1 Ni(II),
yielding a higher βCo/Ni = 1097. The thermodynamic studies indicated that Co(II)
extraction exhibited the endothermic nature with �H° value of 10.8 kJ·mol−1.
Approximately 99% cobalt was yielded by stripping using 2.0 mol·L−1 H2SO4

solution at an O/A ratio of 1/1, which was further crystalized to give high-pure
CoSO4.xH2O crystals. The study leads to present an alternative to the conventional
extractants applied in Co(II)/Ni(II) separation.
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Research and Industrial Application
of Selenium and Tellurium Recovery
Processes

Shijie Wang

Abstract Selenium and tellurium are semiconductors. Tellurium forms inorganic
and organic compounds that are superficially similar to corresponding selenium
compounds yet dissimilar in terms of properties and behavior. The first part of this
paper describes selenium and tellurium in terms of their chemical reactions. The
second part presents applications of selenium and tellurium recovery processes that
are hot topics in today’s extractive metallurgy field.

Keywords Hydrometallurgy · Recovery process · Selenium · Tellurium

Introduction

Selenium (Se, atomic number 34, atomic weight 78.96) lies between arsenic and
bromine and between sulfur and tellurium (Te, atomic number 52, atomic weight
127.61) in Group 6A (chalcogens) in the periodic table. It was discovered in 1817 by
a Swedish chemist as a contaminant in sulfuric acid. Its name was derived from the
Greek selene, meaning moon. Tellurium is located between selenium and polonium
and between antimony and iodine in the periodic table. It was discovered in 1782 in
Transylvanian gold ore. Its name was derived from the Latin tellus, meaning earth.

Despite the fact that selenium is a nonmetal, and tellurium is a metalloid, both
elements are semiconductors. Their valence states assigned to the central atoms in
their compounds are –2, 0, +2, +4, and +6. The +2 state for both selenium and
tellurium is not known to occur in nature.

In terms of chemical properties, selenium reacts with active metals and gains
electrons to form ionic compounds containing the selenide ion, Se–2. As an essential
micronutrient for mammals, it is present in biomolecules called selenoproteins. By
comparison, tellurium behaves as an anion or cation, depending on the medium.
Unlike selenium, it has no biological function.
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Selenium is widely used in: electrical and optical applications; photoelectric and
photovoltaic cells; xerography; the manufacture of metallurgical ferrous metals,
copper, nickel-iron, cobalt-iron, and lead alloys, glass and ceramics, pigments,
rubber, lubricants, and pharmaceuticals; chromium plating; organic chemistry;
medicine; and nutrition. Tellurium has found wide application in automation, remote
control, radio engineering, electronics, semiconductor manufacture, and other fields.
Since cadmium-telluride photovoltaic modules have become among the lowest cost
components for generating electricity from solar energy, tellurium is of keen interest
in today’s bull market.

Selenium and Tellurium Recovery, Control, and Removal

Selenium and tellurium are typical trace elements, also called rare metals. They are
necessarily associated with many sulfide ores or heavy non-ferrous metals. During
the treatment of ores and concentrates, selenium and tellurium accumulate in inter-
mediate metallurgical products such as dusts of smelting furnaces and converters,
anode slimes of copper and nickel refiners, and lead refining slag. Almost all the
selenium and tellurium traded and consumed commercially are derived from the
copper industry in anode slimes. Methods to recover selenium and tellurium from
their bearing materials are determined by their chemical properties and compositions
and by the associated metal content.

Selenium Recovery

The characteristic valences of selenium can make it difficult to remove and recover.
For example, Cu2Se is easily dissolved in a basic medium where Se+6 is dominant
in the leachate. It is very difficult to reduce Se+6 to Se+4, then to Se0. Although its
purity could be 4–9’s Se, the coarse size of the product will carry a penalty in sales.

Regardless of the form inwhich seleniumoccurs in the rawmaterial, it is recovered
selectively by solution in water and then reduction to the element by sulfur dioxide
(SO2). The precipitate is refined by a combination of pyro- and hydrometallurgical
methods to produce selenium of adequately high purity.

Typical process chemistry for selenium leaching and precipitating in acid media
can be expressed as follows:

Se(s) + Cl2(g) + 3O=
(l) → SeO=

3(1) + 2Cl−(1) (Leaching)

SeO=
3(aq) + 2SO2(g) + O=

(1) → 2SO=
4(aq) + Se(s) (Precipitating)
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Selenium can occur in four oxidation states: selenide (−2), elemental selenium
(0), selenite (+4), and selenate (+6). In general, selenate has a high solubility and
is the most mobile in water, which is challenging for both selenium removal and
recovery.

Selenium Control

Selenium control in solution discharge is necessary and critical for precious and
platinum group metal facilities. Its presence in discharge solutions at concentrations
higher than the United States Environmental Protection Agency (USEPA) require-
ment could result in shutdown of the plant. TheUSEPAhas proposed dailymaximum
limits on the selenium concentration in some wastewater discharge streams to
76µg/L (ppb) and monthly average limits of 31µg/L. The Utah Pollutant Discharge
Elimination System permits 54 µg/L Se in solutions discharging to Great Salt Lake.

While in charge of precious and rare metals operations, the author set up a target
of 0 µg/L Se discharge from the facilities. All efforts were made to prevent selenium
discharge in the final streams. First, the leach operation was optimized to maxi-
mize selenium dissolution in the circuit. Second, the different leach solutions were
combined and treated in a selenium reduction circuit to maximize selenium recovery.
Finally, the autoclave operation was optimized to minimize co-extracted selenium in
solution and make use of the tellurium cementation circuit to co-precipitate selenium
in the copper telluride byproduct. These efforts ultimately guaranteed zero discharge
of selenium from the precious metals plant.

Selenium Removal

Between the smelter and concentrator tailings are the springs and wells called
wetlands. Selenium removal within wetlands is challenged by the very low sele-
nium content in a huge volume of solution. The following technologies are available
and have been partially tested for wetlands.

• Ferrihydrite Adsorption removes metal ions from dilute solution by sorption
onto ferrihydrite and then desorption into a more concentrated solution at lower
pH, where ferrihydrite thus becomes available for reuse in subsequent sorption
operations.

• Catalyzed Cementation removes heavy metals from water by cementation on
the surface of iron particles. The process would have the ability to treat and
remove seleniumfromsolution regardless of its valence state (+6or+4). Propitiate
catalysts are added to increase the selenium removal efficiency.
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• Biological SeleniumReduction treats selenium-containingwastewater using sele-
nium-reducing sludge acclimatized from denitrifying sludge. Methanol was used
as an electron donor in the experimental tests.

• Biological Absorption is a theoretical process whereby heavymetals are absorbed
by living (e.g., the algaeChlorella regularis) or nonliving (e.g., Iota Chips derived
from seaweed) biomass.

• Electrometallurgical Reduction involves a series of electrowinning cells with
different cathodes for selenium reduction from wastewater.

Commercial application using biological absorption by Iota Chips was success-
fully used by the author to remove selenium from solution. The selenium discharges
were effectively controlled, and the pressure of rising Se levels on the tailings pond
was significantly alleviated. However, a challenge associated with biological absorp-
tion requires further study: the offensive odor of sodium sulfides from the drainage
system.

Tellurium Recovery

For tellurium, hydrochemical treatment is brought about either by direct leaching
of raw tellurium-bearing materials (wet method) or after a special preliminary treat-
ment of the materials to convert the tellurium into solid, water-soluble compounds
(dry method). In the dry method, tellurium-bearing materials are sintered with soda
or sulfatized by heating with sulfuric acid. The resulting tellurium compounds are
leached with water.

Typical process chemistry for tellurium leaching and precipitating in acidmedium
can be expressed by the chemical equations below:

Te + Cl2(g) + 3O=
(1) → TeO=

3 + 2Cl− (Leaching)

TeO=
3(aq) + 2SO2(g) + O=

(1) → 2SO=
4(aq) + Te(s) (Precipitating)

Since USEPA regulations limit the direct use of toxic gases in the process, all Cl2
(chlorine) and SO2 have been replaced by HCl (hydrochloric acid), H2O2 (hydrogen
peroxide), and sodium sulfide (NaHSO3) in commercial applications.

Conventional Process Flowsheet

In general, precious metals values are recovered from soda slags generated by the
precious metals cupellation operation and from tellurium slags generated at the
lead refinery. The production of granular selenium and tellurium is incidental to the
recovery of the precious metals values. The conversion of the granulars to saleable
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forms is for recovery (at least partially) of the expenses of the operation and for cash
flow.

In a conventional process flow diagram (Fig. 1), all selenium input is through
the copper refinery circuit. The selenium-bearing filtrate containing predominantly
recoverable +4 Se and some +6 Se, which is not directly recoverable, is treated
by adjusting the acid content and injecting SO2 gas. This reduces the +4 Se to the
elemental form as a precipitate. This “granular” selenium is filtered out, and the
filtrate is further treated by addition of a proprietary reductant and more acid plus
steam heat to recover the +6 Se as an off-grade granular selenium.

In a conventional process flow diagram (Fig. 1), about 66% of the tellurium comes
through the copper refinery circuit, and 34% from the lead refinery. Tellurium slag
from the lead refinery is received, fused in a caustic leach, and oxidized with niter
to produce soluble tellurite slag equivalent to the soda slags generated by the copper
metal cupellation operation.

The fused lead refinery Te slag is treated similarly to the soda slag, except there is
no significant selenium content, and the slag is given a three-stage leach with water,
then acid, then caustic. The leach solutions are treated similar to soda slag to generate
a tellurium dioxide (TeO2) filter cake, which is combined with the soda slag TeO2 in
the TeO2 circuit.

In the TeO2 circuit, the TeO2 is purified by repeated dissolution and reprecipitation
of the TeO2, which eliminates the majority of heavy metal impurities. The final TeO2

precipitate, contaminated primarily by silica, is fed to the tellurium circuit.
TeO2 precipitates from both the niter and lead refinery circuits are combined,

redissolved, filtered, and reprecipitated by pH adjustment, removing the impurities
and producing a purified TeO2 feed for the tellurium circuit. The steps to produce
saleable selenium and tellurium products (Fig. 2) are as follows:

1. Acid dissolving: TeO2 filter cake from the TeO2 circuit is treated with a
mineral acid to dissolve the tellurium and leave the accompanying silica behind,
generating a solution with high tellurium content.

2. Selenium removal: The above solution is treated to remove nearly all remaining
tramp selenium, and then it is filtered and transferred to storage.

3. Pure tellurium solution is transferred from storage to the tellurium gas absorbers,
and SO2 gas is injected to precipitate granular elemental tellurium.

4. The granular tellurium iswashed, centrifuged off, dried, sampled, and transferred
to storage.

In the conventional process, precious metals in anode slimes are mainly recov-
ered by pyrometallurgical processes. Due to required compliance with increasingly
stringent environmental regulations, hydrometallurgical processing has become an
attractive method to recover many metals, including relatively inert metals such as
gold and platinum group metals.
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Fig. 1 Conventional process flowsheet for selenium and tellurium recovery

Newly Developed Process Flowsheet

Fully hydrometallurgical processes for extraction and recovery of gold, silver,
and platinum group metals from copper anode slimes are described elsewhere. In
the newly developed hydrometallurgical process for saleable crude selenium and
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Fig. 2 Saleable selenium and tellurium products

tellurium dioxide (Fig. 3), tellurium is co-extracted with copper in the autoclave
acidic pressure leach. The selenium is insoluble with gold and silver; therefore,
it remains in the leach residue. The solubilized tellurium is then electrolytically
cemented out as copper telluride by adding copper chips. As an intermediate product,
granular copper telluride (Cu2Te) is quickly saleable for tellurium recovery.

From the leaching gold and selenium circuit, insoluble silver is recovered from
the leach residue in the silver circuit, where the solubilized gold and selenium are
separated in a solvent extraction circuit. When the gold is recovered from loaded
and washed organics, selenium is selectively precipitated from the raffinate as crude
selenium for sale.

The newly developed hydrometallurgical process makes it possible to recover
saleable tellurium and selenium along with casted gold and silver bars in only
five (5) days, whereas forty-five (45) days were required with the conventional
pyrometallurgical process.

Conclusions

This paper summarizes the chemical properties, applications, and challenges associ-
ated with selenium and tellurium. The newly developed hydrometallurgical process
presented herein would make the recovery of these two rare elements not only desir-
able, but economically viable, especially for copper refineries seeking to recover sele-
niumand tellurium fromanode slimes. This process ismore robust because it recovers
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Fig. 3 Newly developed process flow diagram for selenium and tellurium recoveries

greater values and is more environmentally benign than traditional pyrometallurgical
processes.
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Nickel Matte as Novel Reductant
in Galvanic Leaching of Spent
Lithium-Ion Battery Black Mass

Erik Prasetyo and Sulalit Bandyopadhyay

Abstract Hydrometallurgy is awidely applied technology to extract valuablemetals
from spent lithium-ion batteries. H2SO4-H2O2 combination is the most common
lixiviant used for leaching black mass. However, the use of H2O2 poses several
problems including instability and high reactivity in high temperature leaching. In
here, nickel matte (NM; Ni-Cu Sulfide) is proposed as a novel reductant in H2SO4

leaching. The effects ofNMdosage, pulp density, H2SO4 concentration, temperature,
and reaction time on metal recovery have been studied. The results demonstrate that
NM improves metal dissolution. With leaching condition H2SO4 1 M, pulp density
5%, and temperature 70 °C, bothCo andMn recovery are doubledwhenNM is added.
A significant finding was that the effect of temperature on leaching efficiency was
insignificant. High leaching efficiency was attained at high pulp density (210 g/L),
low leaching temperature (10 °C), and short period of time (30 min). The recovery
of Li, Ni, Mn, and Co in this leaching condition was 93%, 50%, 69%, and 88%,
respectively. Aside from its advantage as reductant, NM addition could increase Ni
concentration in leachate, which may further facilitate direct nickel-rich cathode
syntheses using precipitation and crystallization.
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Introduction

Lithium-ion battery (LIB) is an integral part of green technology to combat climate
change and carbon emission, due to its role as energy storage device in electric
vehicles (EVs). It is estimated in 2035 that more than half of the vehicles available in
the market will consist of EVs [1]. This need for LIBs for EVs will boost the demand
on certain elements in the form of raw material of LIB including lithium (Li), nickel
(Ni), manganese (Mn), and cobalt (Co). Most of these elements are considered as
critical elements since their availability in the world market is sensitively affected
by geopolitical factors. To secure and sustain the supply of these critical elements,
recycling process is warranted.

LIB consists of several components including steel casing, plastic separator,
aluminum, and copper foils as current collectors, organic electrolytes, lithium,
manganese, nickel, and cobalt metal oxides as cathode and graphite as anode. Prior
to recycling, the spent battery will be discharged, dismantling, and shredded. To
separate the components, physical methods such as flotation, gravity settling, and
sieving are generally applied, and the cathode and anode components report together
as one fraction, which is referred to as black mass (BM). BM is the main target in
recycling process due to its value (>70% of total battery value) [2], and there are three
basic processes to recycle BM, i.e. high temperature or smelting (pyrometallurgy),
chemical dissolution (hydrometallurgy), and combination of both processes. So far,
hydrometallurgical routes possess advantages over pyrometallurgical routes due to
its lower energy consumption and ability to deal with low grade raw materials.

In hydrometallurgical process, the target metals in BM will be dissolved using
acid-reductant combination, among which sulfuric acid-hydrogen peroxide is the
most popular combination. Other types of acids such as organic acids, e.g. citric
acid [3] and other polycarboxylic acids have been proposed as safer alternatives,
but their use is yet to reach industrial scale. Reductants are required to enhance the
metal solubility especially Co and Mn, by transforming them from insoluble species
Co(III) and Mn(IV) in BM into soluble species Co(II) and Mn(II). Up until now,
H2O2 is the most applied reductant compared to other such as ascorbic acid [4],
glucose [5], ferrous iron [6], and tannic acid [7], considering the economical factor,
availability and versatility (handling and application). However, H2O2 has limitations
due to instability at high temperature leaching, which is inevitable considering the
total metal recovery expected in recycling process.

Sulfide minerals, especially pyrite (FeS2), have been reported as an effective
reductant inmanganese oxide reductive leaching, and its stability and efficacy in high
temperature leaching have been documented [8]. Another sulfide analogue which
could be proposed as reductant is nickelmatte (NM),which is an intermediate product
of nickel ore processing. The typical Ni content in NM may vary between 30 and
70%, while the rest is composed of Co, Cu, Fe, sulfur, and other trace elements.
The addition of NM as additive hypothetically will be advantageous, aside from
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providing reductant in the BM dissolution, NM addition can increase Ni and Co
content in pregnant leach solution. Increasing Ni and Co concentration in leachate
will facilitate the direct nickel-rich cathode (NMC 811) syntheses from the leach
solution using precipitation or crystallization. The objective of current study is to
evaluate the efficacy of NM as reductant in BM sulfuric acid leaching including
the effect of different variables, e.g. BM/NM mass ratio, pulp density, sulfuric acid
concentration, leaching temperature, and leaching time.

Material and Methods

Materials

Commercial samples of LIB BM and NM powder were grinded and sieved, and the
fractionwith particle size less than 53µm(270mesh)was used further in the leaching
experiments. For compositional analysis, BM and NM were acid digested using
HNO3/HCl (vol ratio 1), followed byMP-AESdetermination (Agilent 4210MP-AES
Optical Emission Spectrometer, Particle Engineering Core Facility, NTNU). The
metal concentrations are listed in Table 1. Nitric acid, sulfuric acid, and hydrochloric
acid (concentrated analytical grade) were purchased from MilliporeSigma, all used
without further purification, and ultrapure water (ASTM Type 1, Sartorius Arium®

Mini UltrapureWater Systems, Particle Engineering Core Facility, NTNU) was used
for solution preparation, dilution, and analysis throughout the experiments.

Leaching Experiments

The leaching was performed inside a water heated double jacketed glass reactor
(250 ml volume) equipped with condenser. Julabo CORIO CD-BC4 water bath was
used for circulating water in the heating jacket. Typically, 250 ml sulfuric acid solu-
tionwas introduced into the reactor and heated. After the solution reached the desired
temperature, BM and NMwere added into reactor and the mixture was homogenized
using magnetic stirring (600 rpm). The mixture was sampled, and the filtrate was
separated from solid residue using a syringe filter. The filtrate was diluted using
HNO3 2% and the metal analysis was determined using MP-AES. Metal leaching
efficiency (R) was calculated using equation:

R = CF × V

(CBM × mBM)+ (CNM × mNM)
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where CF was the metal concentration in the filtrate (mg/L), CBM the metal content
in BM (mg/g), mBM the mass of black mass (g), CNM the metal content in nickel
matte, mNM the mass of nickel matte, and V the volume of leaching agent (L).

Results and Discussion

Effect of NM-BM Mass Ratio

The effect of NM addition dosage to the BM sulfuric acid leaching was investigated
between 0 (control condition) and 50 g/L (NM/BM mass ratio 1). The constant
variables include leaching temperature 70 °C, sulfuric acid 1 M, 600 rpm, leaching
time 30 min, and total pulp density 100 g/L. The results in Fig. 1a show that NM
addition posed positive effect on metal leaching efficiency especially Mn and Co,
since both metal dissolutions depend on the reductant. Mn recovery increased from
37% at control condition to 82% at NM concentration 20 g/L (NM/BM ratio 0.4)
while Co leaching efficiency almost was doubled from 49.7% at control condition
to 105% at NM/BM ratio 0.4. In the case of Li, it seems that the dissolution was not
dependent on the NM presence. At control condition, Li recovery was 94% which
slightly increased at higher NM/BM ratio. It is hypothesized that Li dissolution from
BM in acidic media was more controlled by acid attack and exchange with proton
(delithiation) [9]. Ni recovery based on Fig. 1a is decreasing as the NM/BM ratio was
raised. Since Ni also exists in nickel matte, increasing NM/BM ratio will increase
pulp density in terms of nickel matte in leaching system. This in turn decrease nickel
recovery. However, based on Fig. 1b, nickel concentration greatly increased to about
14 g/L at NM/BM mass ratio 0.8, which indicated mutual effect on nickel leaching
both from BM and NM.

Effect of Sulfuric Acid Concentration

Acidic condition is required inBM leaching; hence, the effect of sulfuric acid concen-
tration was studied in the range of 0.25–1.5 M. The constant variables include
NM/BM ratio 0.4, total pulp density 70 g/L, stirring speed 600 rpm, leaching temper-
ature 70 °C, and leaching time 30 min. The results in Fig. 2a show that increasing
sulfuric acid improved the metal leaching efficiency until the sulfuric acid concentra-
tion reached 0.75M. Higher sulfuric acid concentration did not significantly enhance
both metal recovery and metal dissolution as shown in Fig. 2b.
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Fig. 1 The effect of NM addition as reductant in the BM sulfuric acid leaching to aMetal leaching
efficiency, b Metal concentration in pregnant leach solution. Leaching condition cited in the text

Effect of Total Pulp Density

The effect of total pulp density was studied at three different solid–liquid ratios: 112,
140, and 210 g/L. The constant variable in the test includes leaching temperature
70 °C, sulfuric acid 2M, stirring speed 600 rpm,NM/BMmass ratio 0.4, and leaching
time 30 min. Increasing pulp density has negative effect on all metal recovery. Li
recovery decreased from 106% (pulp density 112 g/L) to 86% (pulp density 210 g/L),
and Co, Mn, and Ni show the same trends (Fig. 3a). This trend is the opposite to the
metal concentration in pregnant leach solution trend, which increased as pulp density
increased (Fig. 3b). Figure 3b shows the typicalmetal concentration in pregnant leach
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Fig. 2 The effect of sulfuric acid concentration toaMetal leaching efficiency,bMetal concentration
in pregnant leach solution. Leaching condition cited in the text

solution. Ni concentration can reach about 24 g/L, which is beneficial in facilitating
crystallization of nickel sulfate as battery cathode precursor. It is worth to note that
in this study, typical pulp density for battery leaching was higher compared to typical
pulp density used in other studies which are generally less than 100 g/L.
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Effect of Leaching Temperature

The effect of leaching temperature on the metal leaching efficiency (Fig. 4a) and
metal concentration in pregnant leach solution (Fig. 4b) was studied at 10, 30, 50,
and 70 °C, while the constant variables included sulfuric acid 2 M, total pulp density
210 g/L, NM/BM mass ratio 0.4, stirring speed 600, and leaching time 30 min.
The results in Fig. 4a, b clearly show the effect of temperature on metal leaching
efficiency and metal concentration was not significant. Li recovery was within 90%
at whole leaching temperature studied. Ni, Mn, and Co recovery slightly increased
about 5%, when leaching temperature increased from 30 °C to 50 °C (Co from 91 to
96%, Mn from 70 to 75%, and Ni from 50 to 55%). It is still not clear how the metal
leaching efficiency could reach such high value even the leaching was performed at
low temperature (10 °C). There is a possibility that NM could act as catalyst in BM
leaching, and this would be resolve in future investigation.

Conclusions

Nickel matte (NM) was successfully used as novel reductant in lithium-ion battery
blackmass leaching in sulfuric acidmedia.NMeffectively encouragedmetal dissolu-
tion, especially ofMn andCo. Li was less affected byNMsince its dissolution did not
require a reductant, and its dissolution occurred through mostly by acid attack. This
finding was supported by studies on effect of sulfuric acid concentration, in which all
metal dissolution including Li were positively correlated to acid concentration until
the concentration reached 0.75 M. Current research shows that the effect of temper-
ature on leaching efficiency was minimum under the chosen condition. Compared to
most common lixiviant (sulfuric acid-hydrogen peroxide), sulfuric acid-nickel matte
combination has better performance in metal leaching efficiency, in terms of higher
solid–liquid ratio and shorter leaching time (Table 2). Leaching efficiency was still
high even though the leaching was performed at low temperature (10 °C) and at
high pulp density (210 g/L). Within 30 min, the leaching efficiency of Li, Ni, Mn,
and Co reached 93%, 50%, 69%, and 88%, respectively. This leaching condition
produced pregnant leach solution containing Li 5.2 g/L, Ni 26 g/L, Mn 8.2 g/L, and
Co 13.7 g/L. High transition metals concentration in the pregnant leach solution is
considered beneficial to facilitate crystallization process in LIB cathode resynthesis.
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Recyclability of Proton Exchange
Membrane Electrolysers for Green
Hydrogen Production

Nawshad Haque, Sarb Giddey, Sejuti Saha, and Paul Sernia

Abstract Renewed interest in green hydrogen energy due to its versatility and ability
to decarbonise numerous economic sectors prompted research on the evaluation of
sustainability of associated technologies. Proton Exchange Membrane (PEM) water
electrolysis is a promising technology to produce hydrogen gas from water elec-
trolysis using renewable power. However, PEM electrolysers use rare noble metals
and other expensive materials. Furthermore, the availability and supply risks are
additional concerns for the critical metals. Hence, this paper explores the review of
the recycling process of end-of-life PEM electrolysers from the point of collection
to the final material recovery and the potential reuse in the manufacturing process.
Several studies have highlighted existing and novel recycling technologies for the
different materials used in electrolyser components. Some of these methods include
hydrometallurgy, pyrometallurgy, transient electrochemical dissolution, selective
electrochemical dissolution, and acidic process. Overview of these processes and
implication of recycling are presented here.

Keywords Renewable · Hydrogen energy · PEM electrolyser · Recycling ·
Sustainability

Introduction

The global impacts of climate change have created an urgent need to transition to
low-carbon economies. Driven by the Paris Agreement, many nations have placed
active efforts to decarbonise communities and meet their emission reduction targets.
For example, under the recent Climate Change Bill 2022, Australian government sets
Australia’s greenhouse gas emissions reduction targets to a 43% reduction from 2005
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levels by 2030 and net zero emissions by 2050 [1]. Green hydrogen as a future energy
system has received a considerable attention in the last decade. It is a high energy
density fuel (onmass basis) and generated via water electrolysis using RE. Hydrogen
energyhas been apopular topic amongst researchers, industries, andgovernments due
to its versatility [2]. By using excess RE for its production, hydrogen fuel can act as a
storage system for intermittent renewable energy generators, improve grid stabilities,
and enable the use of RE when generation is not possible, i.e., during night times
when there is no solar power. Secondly, hydrogen fuel can decarbonise the transport
sector through simultaneous scalable adoption of the fuel cell electric vehicle (FCEV)
technologies in the industry. It can also penetrate and reduce emissions in the heavy
industries.

Despite its potential to revolutionise the energy sector, the commercialisation of
hydrogen energy systems has been hindered by high production costs and uncer-
tainty about the technology’s scalability. These production costs stem from current
electricity prices and the capital costs of electrolysers. The latter is particularly the
case for Proton Exchange Membrane (PEM) electrolysers, which are expensive due
to the use of rare noble metals (platinum, iridium, and gold), titanium metal, and
polymer membranes to achieve high efficiencies. While the price of renewable elec-
tricity is expected to decline with greater penetration, the cost of precious metals
could further increase due to their scarcity [3]. Additionally, research suggests that
the current platinum and iridium reserves are insufficient to support the expansion
of growing hydrogen production via PEM electrolysers to gigawatt scales. These
challenges have resulted in substantial research to reduce the metal requirements in
electrolysers, find alternative lower cost materials, and investigate sustainable recy-
cling or even upcycling (reusing of materials with required specifications in PEM)
options. Secondary production of metals will be necessary to reduce the cost of elec-
trolysers and recovery of materials and ensure that sufficient material is available for
the growth of the nascent green hydrogen sector. This paper provides an overview of
the PEM electrolysers and their material requirements. This review also highlights
potentially available recycling technologies presented in published studies, identifies
gaps in the current literature, and recommends future directions.

Methodology

Various publicly available literatures were reviewed to find the current state of the
art of the PEM electrolysers or fuel cell recycling processes. Studies on the generic
recycling of metals were also consulted. Various research groups are proposing to
improve the current recycling rates (RR) for variousmetals and generating a database.
Sometimes these RR values are displayed on a periodic table for each metal. These
technologies for electronic waste recycling can potentially be customised or applied
for recycling of the end-of-life PEM electrolysers.
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Results and Discussion

PEM Cell and Stack Description

The PEM water electrolysis cell structure comprises a solid polymer elec-
trolyte/membrane made from perfluorosulfonic acid (PFSA). Acidic electrolytes are
necessary to enhance the ionisation of water molecules that have low self-ionisation
capacities [4]. DuPont’s Nafion membranes are most common materials in electrol-
ysers and fuel cells. The Nafion separates two electrodes and prevents the crossover
of product gases from oxygen evolution reaction side to hydrogen evolution reaction.
Themembrane is usually coated directlywith electrocatalysts on either side (catalyst-
coated membrane (CCM)), which serves as the electrodes. The anode comprises an
iridium oxide (IrO2) coating, while the cathode catalyst is carbon-supported plat-
inum (Pt/C) [5]. The CCM is sandwiched between porous transport layers (PTL),
which facilitate the transport of water, electrons, and product gases to and from the
electrodes. Carbon paper is used for the cathodic PTL, while sintered titanium is
used for the anodic PTL. The titanium is sometimes coated with gold to improve its
corrosion resistance. Surrounding the active cell area are gasket sealings that prevent
gas crossover between electrodes and maintain contact between the different compo-
nents [6]. The cells assembled within an electrolyser stack are separated by titanium
bipolar plates. Current collectors are made of copper. The bolts, nuts, flat springs,
and endplates maintain the structural integrity of the stack. Individual stacks in the
current market have reached capacities of 2.5 MW, while the multi-stack modules
have exceeded the 20 MW system size [7–9].

Material Inventory of PEM Electrolysers: Material Utilisation
in Stacks

The material composition of PEM electrolyser stacks depends on the component
thicknesses and catalyst loadings required for efficient performance. Research is
focusing to explore the feasibility of lower catalyst loadings, thinner component, and
the use of cheaper, alternative materials without compromising the performance. A
1-MW PEM stack comprised 745 cells, each with an active area of 500 cm2 [9].
This stack weighs 670 kg, and approximately 504 kg is attributed to the titanium
bipolar plates. The iridium and platinum catalyst coatings only account for 0.1% and
0.04% of the total weight, respectively. According to an analysis, the CCM, which
comprises expensive noble metal catalysts and the Nafion membrane, accounts for
87% of the cost, followed by the bipolar plates and PTLs. The total cost of the end
plates and connectors is negligible despite making up 15% of the stack mass. This is
attributed to the low unit cost of stainless steel compared to the other materials used.
When manufacturing processes are considered, the cost breakdown is changed. A
techno-economic assessment (TEA) reported bipolar plates can account for 51% of



140 N. Haque et al.

the total stack cost. On the other hand, the catalysts and the membrane collectively
make up 23% of the costs, while PTLs contribute 17% towards the total stack cost.
The TEA also provides a cost breakdown of the complete system, where the PEM
stack makes up 60% of the total cost.

Several studies have investigated the properties of used Nafion membranes and
their performance in new fuel cells or electrolyser cells [10–12]. The results showed
increased ohmic losses, and this was consistent between the different literary works.
The performance drops were attributed to membrane contamination [10], sulfonic
group deactivation [10], and swelling [10–12]. Hence, reprocessing and recasting
the Nafion ionomers into membranes is recommended to maintain performance.

Moghaddam et al. [12] experimented with different recycling methods and iden-
tified the optimum process based on the recast membranes’ swelling behaviour, ion
exchange, and proton conductivity. The separated Nafion membrane obtained after
delamination was first cleaned using sulphuric acid (H2SO4). This was followed by
the dissolution of the membrane into its ionomers in an ethanol–water solution at
high temperature and pressure. This process was conducted in an autoclave reactor,
and conditions specified in the process flow diagram were necessary to dissolve
the PFSA (Nafion) membrane in the given solution. After dissolution, the ethanol–
water solution was vaporised while the concentrated PFSA solution was mixed with
dimethylacetamide (DMAc). Finally, the membrane was cast and dried.

Material Recyclability

The common conventional metal, such as steel, aluminium, copper, and lead recy-
cling industry, is a relatively well-established system although the recycling rate
(RR) can vary between specific metal sectors. For instance, while the overall RR
for platinum is between 60 and 70%, its RR in industrial applications (catalysts and
electrochemical processes) is within the range of 80–90%. Similarly, iridium (Ir) and
ruthenium (Ru) report RR of 40–50% in industrial processes [10].

Figure 1 provides a process flow diagram for the overall recycling of PEM stacks,
which can be broken down into three main stages: collection, dismantling, and
material recovery. The collection logistics for material recycling can often be chal-
lenging and costly [13, 14]. Detailed analysis of the logistical chains and appropriate
legislations would be needed to ensure efficient collection processes [14].

The second step is the dismantling process. The difficulty of this stage depends on
the assembly method of the stack components. Usually, PEM stack components are
bolted or screwed together, and the dismantling process would usemanual separation
methods [15]. Dismantling instructions are ideally provided by the manufacturers to
minimise safety hazards [13]. Once dismantled, differentmaterial recovery pathways
are adopted for the stack components based on the recycling technology’s maturity,
efficiency, safety, toxicity, and environmental and economic costs. The hydrometal-
lurgical (HMT) and pyrometallurgical (PMT) processes are existing metal recycling
methods and are used in numerous facilities. On the other hand, acid process (AP),
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Fig. 1 Overall recycling process of PEM electrolysers and the various material recovery pathways
[16]

transient electrochemical dissolution (TD), and selective electrochemical dissolu-
tion (SED) are more novel methods that are currently under investigation [16]. The
membrane electrode assembly (MEA) may also require an additional delamination
stage to separate the catalyst layers from the Nafion membrane.

Recycling Membrane Electrode Assembly

Delamination of the Membrane Electrode Assembly

MEA delamination is considered a pre-treatment step to separate and recover the
catalyst metals from the PFSA membrane and the PTLs before further processing.
Although there is limited literature on the process considers delamination a necessary
step to improve the efficiency of subsequent recovery processes. This is particularly
relevant if HMT methods are adopted, as the Nafion substrate and the ionomers
present in the catalyst inks can reduce the leaching efficiencies of the precious metals
unless these are separated [17]. Furthermore, delamination eliminates or minimises
the formation of hydrogen fluoride gases when PMT processes are used to extract
the noble metals [17]. Figure 2 shows process flow diagram fromMEA delamination
via alcohol dissolution.

Figure 2 shows an alcohol dissolution (AD) method developed by [10] to separate
the catalyst metals from the Nafion substrate. In this process, the MEA was first
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Fig. 2 Process flow diagram from MEA delamination via alcohol dissolution [10]

fixed in a delamination tank. A deionised water-alcohol mixture was circulated on
either side of the membrane, and the catalyst layers were agitated via ultrasonication.
Isopropanol solution was used in this experiment [17] suggesting that it allows for
more efficient delamination than ethanol solutions or pure alcohol. The dissolved
metals were collected in separate tanks, and the Nafion membrane was removed
from the tank. Finally, the concentrated metal solutions were centrifuged, and the
solids were obtained via further drying. The separated alcohol solution can also be
recycled to save costs [18]. The experiment was conducted in mild conditions (safe
pH, temperature, and voltage) and recorded metal recovery rates of more than 98%
[10]. The process was also completed in 30 min. There are variations to the AD
process described above. In [18], which focussed on MEAs from fuel cells, both the
catalyst layers and PFSA ionomers were dissolved in the alcohol solution followed
by separation using filter press and ultra-filtration. The process was also conducted
at higher temperatures to facilitate ionomer dissolution. In contrast, [19] conducted
the dissolution process in an autoclave reactor. AD provides promising results as
a pre-treatment stage [10, 17]. However, the process can be complicated and may
increase the costs of the complete recovery process compared to directHMTandPMT
methods [16]. Furthermore, some catalyst particles may diffuse into the membranes
and be lost in the separation processes [13]. As a result, further analysis should be
conducted to assess the technology’s feasibility.
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Recycling Electrode Catalysts

Recycling electrode catalysts of PEMcells, predominantly IrO2 and sometimesRuO2

of the anode and Pt/C of the cathode, is of importance due to the rich metal concen-
tration of the layers, natural reserve scarcity, and increased demand for these metals.
A number of methods which are used for platinum recovery are also relevant for
iridium and ruthenium [16].

Hydrometallurgical Technology

Hydrometallurgy is a branch of metallurgy that focuses on metal extraction through
selective dissolution. It is an established method in the metal mining industry and
can also be applied to recover and recycle materials. The recovery of iridium metal
via hydrometallurgy involves two main parts, the leaching stage and the separa-
tion and purification stage. During leaching, a mineral acid-oxidant mixture (lixi-
viant) dissolves the iridium oxide as a metal-ion complex [20]. The acid acts as
the complexing agent, while the oxidising agent oxidises the metal to the appro-
priate ionic state [17]. The most commonly used lixiviant is aqua regia, a mixture of
hydrochloric acid (HCl) and nitric acid (HNO3) in a 3:1 mol ratio. However, some
studies suggest that stronger oxidants like perchlorate anions are needed for leaching
iridium due to the metal’s high corrosion resistance [21].

The leaching process for ruthenium follows a similar pathway, and experiments
have reported recovery rates of 88% using 12 molars (M) HCl with 10% HNO3
(volume %) at 75 °C [17]. This is lower than the recovery rates of platinum due to
the former metal’s higher resistance to mineral acids. Recovery rates of iridium have
not been specified in the available literature but can be expected to be similar to ruthe-
nium’s recovery rates due to their similar properties. Once the metal-ion complexes
are formed and dissolved, they are separated from the leaching solution. This separa-
tion can be carried out via liquid–liquid extraction, which has a higher separation effi-
ciency than othermethods like ion exchange or precipitation [22]. The suitable extrac-
tants for Ir (IV), the oxidation state of iridium after leaching, are tributyl phosphate
(TBP) or Aliquat 336 [22, 23]. On the other hand, an Alamine 336-LIX54 or Aliquat
336-LIX54 mixture is suggested for the effective extraction of ruthenium from chlo-
ride solutions [24]. The metal-ion complexes in the dissolved extractant are stripped
off through precipitation using ammonium hydroxides or chlorides [23–25], the
precipitates are ignited, and finally, high-purity metal is obtained via reduction [25].

The HMT recovery of platinum metal is almost identical to iridium and ruthe-
nium recycling. The only difference is the higher recovery rate for platinum due
to more efficient leaching using aqua regia. The higher efficiency is a result of the
metal’s lower resistance to mineral acids. [17] reported platinum leaching efficien-
cies of 97% with 12 M HCl (10% HNO3 - volume basis) at 75 °C. Additionally,
studies have explored the use of milder oxidants like hydrogen peroxide (H2O2),
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and comparable if not better results were obtained [17, 25]. However, H2O2 has the
potential to decompose into water and oxygen at the operating temperatures due
to its thermal instability. Furthermore, the use of chloride salts to reduce the HCl
concentrations required has also been under investigation [17, 25]. The process flow
diagram for platinum recycling shows two possible separation methods. Separation
via ion exchange using resin was also experimented by [26]. However, solvent–
solvent extraction reported higher overall recovery rates (76% compared to 72%).
Hydrometallurgy is an attractive metal recovery method as it does not release toxic
HFgases, consumes less energy, and can accommodate chemical recycling.However,
the process produces toxic wastewater due to the use of concentrated acids (required
for effective leaching of corrosion-resistant PGMs) [27]. Additionally, the complex
separation and purification stages can reduce the overall metal recovery rate [16].
A strategy to improve the yield rates is CCM delamination (discussed previously),
which can increase leaching efficiency by up to 25% [17]. Pre-treatment grinding
may also be necessary to increase surface area and exposure to the lixiviants [15].

Pyro-Hydrometallurgical Technology

PMT utilises heat and high temperatures for metal extraction and recovery. Unless
delaminated, one of the main drawbacks of this technique for recovering electrode
catalysts is the formation of HF gases due to the destruction of the membrane
ionomers. The PFSA ionomers in the catalyst ink could also produce smaller
amounts of HF gases. Pyrometallurgy is also an energy-intensive process [15]. On
the other hand, its benefit includes higher metal recovery rates than hydrometallur-
gical methods. The first stage of this technique comprised drying and calcination to
remove carbon and other volatile compounds. In the second stage, the residues from
the calcination process were dissolved in HNO3 at 65 °C. This step was followed
by the addition of HCl and heating the solution to 110 °C to decompose HNO3 into
nitrous oxide (NO) and nitrogen dioxide (NO2) [28]. The solids obtained from this
stepwere H2(PtCl6), and these were dissolved in deionisedwater and reduced to plat-
inum metal using methanoic acid. Lastly, the solids were purified through vacuum
filtration [15, 28]. The performance of the refabricated PEMFCwas lower than that of
pristine PEMFCs, but the performance was comparable [28]. Another problem with
this technique was the formation of NO, a highly potent greenhouse gas emission,
and therefore, this method may not be the most environmentally sustainable.

Transient Electrochemical Dissolution

TED is a novel metal recovery technique that applies cycles of low and high electric
potentials (voltage) to drive cathodic and anodic dissolution of the metal within a
selected electrolyte [29]. The electrolyte is typically a mineral acid, like HCl or
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perchloric acid (HClO4), where the chloride ions accelerate the dissolution rates [27,
29]. As the voltage is increased from the lower potential to the upper potential, an
oxide layer gradually forms on the metal surface. Before the oxide layer forms, the
metal surface is momentarily exposed to these high potentials, which results in the
oxidation of the metal into an ionic state, allowing it to dissolve in the electrolyte.
Cycling back to the lower potential triggers the cathodic reaction, and this reduces the
metal oxides. The removal of the oxide layer, once again, exposes the metal surface
to the electrolyte, and further dissolution occurs. The cycle is repeated numerous
times to increase dissolution and maximise the metal recovery rate. A few studies
have investigated the electrochemical dissolution of Ir and Ru-based catalysts from a
recycling perspective.Much of the publishedwork focuses on themetals’ dissolution
rates from a corrosion aspect due to the high potentials applied at the anode for
OER. Additionally, TED studies that focus on recycling have predominantly been
conducted for platinum metal. However, the knowledge gathered from both areas of
study can be utilised to develop potential recycling pathways for these anode catalysts
[16, 30]. Several studies [30–33] have explored the electrochemical dissolution of
Ir and Ru metals under the OER conditions of PEM cells and have noted slow
but considerable dissolution of the catalyst, which is not desirable for long-term
performance. As a result, more stable metal oxides, IrO2 and RuO2, with dissolution
rates 2–3 order of magnitudes lower, are used [30, 32]. While this is beneficial
for the operating lifetime of electrolysers, the improved stability creates challenges
for recycling. Additional research needs to be conducted to identify an optimised
TED pathway for IrO2 and RuO2 and assess whether this method is technically and
economically feasible. The studies need to explore changes in the dissolution rate
by adjusting the voltage range, the number of cycles applied, and the electrolyte
concentrations. The voltages required for anodic and cathodic dissolution can be
provided via an external circuit or through the use of appropriate oxidising and
reducing agents [27].

Variations of TED with different potential ranges exist in the available literature.
[29] explored the recycling of Pt/C fromPEMFC catalysts by cycling between 0.05V
and 1.6 V, while [34] evaluated platinum dissolution using lower and upper potentials
of 0.4 V and 1.6 V, respectively. Hodnik et al. [27] presents an interesting pathway for
TED, where oxidising and reducing agents were used to induce the surface potentials
that facilitate anodic and cathodic dissolution (voltage from an was not applied). The
reducing agent was carbon monoxide (CO), while ozone (O3) was added as the
oxidant. These agents promote platinum dissolution and sweep the cycle between
1.3 V and 0.8 V. Furthermore, an HCl-NaCl mixture was used as the electrolyte.
Using chloride salts reduced the acid concentrations required for efficient recovery.
A maximum yield of 98.6% was attained when 20 cycles of 5-min O3/5-min CO
were applied [27].

Themethod explored in [27] should be investigated for its applicability for cathode
metal recycling in PEM electrolysers as the study was conducted on platinum black
and not Pt/C catalyst. The presence of the carbon supports could potentially affect
(improve or reduce) the effectiveness of the CO and O3 used to induce the surface
potentials. If successful, TEDusing oxidants and reductants presents a promising and
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low-energy technique for recycling catalyst metals. The process is also conducted in
mild conditions in terms of pH and temperature [27]. However, the overall recovery
rate is unlikely to be as high as 98.6% as additional steps would be required to extract
pure platinum from the chloride solution.

Selective Electrochemical Dissolution

The upper potentials applied in the TED studies for platinum would result in the
decomposition of the carbon supports through oxidation, especially if the scan
rate (sweeping rate) is high [29]. Although these high potentials are favoured for
maximising platinum dissolution, the anodic potential needs to be below 1.2 V to
preserve the carbon supports. A study [35] presents a selective electrochemical disso-
lution (SED) process that applies a potential cycle of 0.5 V–1.1 V at a scan rate
of 50 mV/s using an external power source. To compensate for the low potentials
applied, the experiment was conducted in an oxygen-saturated electrolyte (HClO4-
HCl mixture). Dissolution rates of 22 µg/cm2 were recorded, which is considered
favourable for the mild conditions applied. On the other hand, the carbon supports
showed minimal corrosion with some changes in surface structure. As a result,
reconditioning may be required before the carbon is used in new cells [16].

Recycling Bipolar Plates

The recycling of PEM electrolysers is an emerging and underdeveloped area of
study. As a result, literature papers specific to bipolar plates recycling are not readily
available. The recycling method adopted for titanium, like other metals, depends
on the material stream comprising the titanium. In most cases, titanium metal or its
alloys can be extracted via physical methods [16] or pyrometallurgy [36]. Additional
steps may be required if alloying elements are to be removed. With bipolar plates,
the recovery is more complex due to the platinum and gold coatings. Consequently,
hydrometallurgical processes need to be adopted to separate and recover the metals.
The precious metal coatings can be separated through selective leaching using aqua
regia. The titanium base does not dissolve in aqua regia due to the formation of a
thin layer of titanium dioxide (passivation) [37]. After leaching, base metal can be
separated and purified by smelting. On the other hand, pure platinum and gold can be
extracted via solvent–solvent extraction using TBP and dibutyl carbitol, respectively
[21]. However, since the coatings are thin, the overall processmay not be economical.
If this is the case, platinum and gold recovery could be omitted.
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Recycling Current Collectors

The current collectors are usually thin copper or aluminium blocks with an approx-
imate thickness of 50 mm. Since the collectors are not coated with other mate-
rials, conventional pyrometallurgical processes are sufficient to recycle the metals.
However, the recycling pathway adopted depends on the quality and metal grade
of the obsolete collectors, as potential contamination could have occurred during
their use. If the metal remains pure, melting and recasting are sufficient to recycle
the material. Alternatively, the materials are smelted and refined to remove impu-
rities [38]. The recycling process of copper and aluminium via pyrometallurgy is
well-established. In central facilities, the metals are first separated based on material
type and grade [39]. The separation techniques used depend on the other materials
present in the stream but can include magnetic, specific gravity, or eddy-current
separation [38]. The metals are then crushed and shredded to increase the surface
area and improve the efficiency of the smelting process. If metal oxides are present
in the scrap, the smelter is operated in reducing conditions (carbon or iron with
fluxing agents facilitates this) [39]. Finally, the metals are refined and recast. The
most common purificationmethod for copper is electrorefining [38, 39]. On the other
hand, the refining techniques for aluminium can include electrorefining, degassing,
or floatation to remove specific impurities [40].

Recycling End Plates and Fixtures

Steel recycling is the most developed process amongst all metal recycling due to its
high demand and importance in the construction industry. The recycling technique
is based on pyrometallurgy and follows a similar path as copper and aluminium
recycling. Literature recommends recycling steel-based and copper-based materials
separately as the latter can contaminate and affect the steel quality. The separation
techniques used include magnetic separation, sieving, and air separation. Additional
methods can comprise hand sorting, density, and eddy-current separation. Since the
end plates, bolts, screws, and springs in PEMWE stacks aremanufactured from stain-
less steel, an additional step is required compared to ordinary-steel recycling. Stain-
less steel is predominantlymade from steel scrap (newor old)melted in an electric arc
furnace. However, since the volumes of stainless steel scraps generated are usually
lower than the production demands, ordinary-steel scrap (with low chromium and
nickel concentration) is mixed. As a result, additional ferrochromium and ferronickel
are added. Following this process, excess carbon is removed as carbonmonoxide in an
argon oxygen decarburization converter, and the molten stainless steel is recast [41].
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Conclusion

PEM electrolysers for green hydrogen production have received considerable focus
in recent years due to their superior electrochemical performances. However, current
PEMWEs are expensive due to the use of noble metal catalysts for electrodes, costly
polymer membranes, and titanium-based bipolar plates and PTLs. These materials
are necessary to withstand the corrosive conditions of the oxidation and reduction
reactions. The scarcity of the noble metals also creates supply risks. Therefore, recy-
cling electrolysers and using recycledmaterials duringmanufacturingmay be crucial
to reduce costs and ensure a steady material supply. The value chain of electrolyser
recycling can be complex, and it will not take off until sufficient EOL materials are
available for processing. Numerous recycling techniques exist in literature papers
for platinum group metals. Some of the methods highlighted in the studies include
hydrometallurgy, pyrometallurgy, and transient electrochemical dissolution. Most
of these methods have been studied extensively for platinum metal due to its wider
application. Several gaps in research have been identified, which should be addressed
in future studies. Firstly, iridium recycling needs to be investigated more thoroughly.
The overall efficiencies of the recycling pathways highlighted should also be inves-
tigated. Thirdly, the performance of electrolysers manufactured from recycled mate-
rials should be studied. Lastly, the scalability of the recycling techniques and the
logistics of the complete value chain need to be assessed.
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Rare Earth and Critical Base Metals
Electrodeposition Using Urea-Choline
Chloride Ionic Liquids

Rajyashree Lenka and Ramana G. Reddy

Abstract The electrodeposition of critical base metals and rare earth metals using
a eutectic mixture of urea and choline chloride (IL) was discussed. The maximum
current efficiencies obtained for Co, Zn, Pb, and Cu were 95%, 91.3%, 96.4%, and
97%. The deposition of alloys of zinc like Zn-Sn, Zn-Cu, Zn-Ni, and Zn-Mn and
alloys of nickel like Ni-Mn, and Fe-Co–Ni was reported. The co-deposition of rare
earth elements like Co-Nd and Sm-Co alloy was also carried out, because rare earth
metals cannot be deposited alone in urea melt due to their high negative reduction
potentials of the rare earth ions. The effect of Urea and choline chloride or EMIC or
BMIC on the electrodeposition of critical base metals and rare earth elements was
discussed. The critical parameters in the electrodeposition processes were identified,
such as current density and efficiency in metal and alloy production.

Keywords Base metal · Rare earth · Ionic liquid · Electrodeposition

Introduction

Ionic liquids (ILs) are defined as saltswhich comprise cations and anionswithmelting
point at or below 100 °C [1]. Ionic liquids provide various benefits which include
a broad potential window, high electrical conductivity compared to non-aqueous
solvent, thermal stability, low volatility, structural designability, high polarity, and
non-flammability. Abott et al. [2] reported that there is a deep melting point depres-
sion when eutectic composition is formed between hydrogen bond donors and
hydrogen bond acceptors. Compared to the classical ILs, Deep Eutectic Solvents
(DESs) are easily formed by mixing two components where a eutectic mixture forms
through hydrogen bond interaction Choline chloride is a promising candidate for
DESs due to its cheap price, availability and biodegradability, and easy storage due to
its non-volatility and non-flammability. Choline chloride mixed with urea in the ratio
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1:2 forms eutectic that is liquid at ambient temperature and has exceptional solvent
properties [2]. This mixture leads to a major depression of freezing point to 12 °C
which is lower than the choline chloride (melting point-302 °C) and Urea (melting
point-133 °C). All DES have a similar density which is close to water (1.00 g/cm3).
Oxides such as ZnO, CuO, and PbO2 show a good solubility in ChCl/Urea.

The most common ionic liquid used for the electrodeposition of cobalt, lead,
aluminum, bismuth, selenium, copper, tin, nickel, zinc, and manganese is a eutectic
mixture of urea and choline chloride in themolar ratio 2:1.Abbot et al. [3] investigated
that zinc oxide shows an appreciable amount of solubility in Urea-choline chloride
deep eutectic solventwhich is eco-friendly and highly efficient.Yang et al. [4] showed
that the maximum solubility of ZnO was 1.23 M at 373 K and reported a current
efficiency of 88.9% at temperature of 363 K and applied potential of 3.3 V. Further,
a high current efficiency of 92.6% was reported when a suitable additive (2 mg/ml
of [BMIM] HSO4) was added [5]. Kim et al. [6] reported cobalt electrodeposition
with a highest current efficiency of 95% at 323 K and 2.7 V while Cao et al. [7]
studied that electrodeposition potential was the main driving force for deposition
of cobalt recording a higher current efficiency of 96.4%. Liao et al. [8] reported
that lead compounds show acceptable solubility in Urea-ChCl, although they are
most likely non-soluble in water. Ru et al. [9] reported that lead deposition shows
a highest efficiency of 96.4% at a current density of 130 Am−2 and 343 K. The
electrodeposition of copper and its composites from its metal chloride salts in ChCl-
Urea/ethylene glycol with current efficiency of around 100% was studied by Abbot
et al. [10]. Ali et al. [11] reported that copper deposition shows a cathodic efficiency
of 97% at a current density of 4.0 Am−2 and 303 K. The electrodeposition of metals
likeAl, Bi, Se, and Sn inUrea-ChCl deep eutectic solventwas confirmed byXRDand
SEM analysis. This eutectic mixture is also used for the deposition of alloys of zinc
like Zn-Sn, Zn-Cu, Zn-Ni, Zn-Mn, and alloys of nickel like Ni-Mn, and Fe-Co–Ni.
Manganese and its based alloy are commonly used to improve corrosion resistance.
Guo et al. [12] confirmed the co-deposition of Ni-Mn films where the Mn content
increased from 0 to 9.4% as the current density increased from 1 to 9 mA/cm2 at
343 K. Lui et al. [13] studied that at temperature of 373 K and potential of −3.5 V,
Co-Nd films can be deposited with cobalt content of 96.26% and Nd of 3.74% while
Gomez et al. [14] reported that Sm-Co can give samarium deposit of more than
70 wt.% at 343 K and −1.6 V. EMIC has been used as electrolyte in lead storage
batteries due to its cost-effectiveness, high capacity, and safety. Zn, Pb, and Cu were
electrodeposited using Urea-EMIC. He et al. [15] studied the electrodeposition of
zinc from ZnO in Urea-EMIC as an alternative to zinc electroplating reporting the
current efficiency of 84.20% at −1.25 V and 353 K which is lower when compared
to the Urea-ChCl system. He et al. [16] investigated the deposition of Pb from PbO
at 353 K in Urea-EMIC and also studied the reduction of Cu2O to metallic copper
which follows a 3D progressive nucleation and diffusion growth model [17]. An
ideal alternative to EMIC can be Urea-BMIC which is more economical and easily
synthesized. Lui et al. [18] reported that the current efficiency for Zn increases to
99.81% on using Urea-BMIC at 383 K and potential of −1.2 V while for Pb, the
current efficiency was 96.17% at 373 K and potential of −0.4 V [19]. At 383 K
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and -0.8 V, the co-deposition of Cu–Zn can be done on a steel electrode in eutectic
Urea-BMIC containing 0.05 mol/L Cu2O and 0.5 mol/L ZnO as investigated by Liu
et al. [20]. So, for zinc electrodeposition, the optimized current efficiency (99.81%)
[18] in Urea-BMIC is higher than Urea-EMIC (84.2%) [15] and Urea-ChCl (91.3%)
[5] ionic liquids. In the current study, the electrodeposition of zinc is carried out in
a eutectic mixture of urea/ChCl. It and important areas in electrodeposition which
include current density, cathodic current efficiency, and energy consumption are
investigated during the process.

Experimental Procedure

Preparation of Ionic Liquid and Materials

The eutectic mixture of choline chloride and Urea in the ratio 2:1 was synthe-
sized in the laboratory. Urea (NH2CONH2, 98 + %) and choline chloride
(HOCH2CH2N(CH3)3Cl, 98 + %) were purchased from Alfa Aesar and zinc oxide
from Fisher Scientific (certified ACS, ≥99.0%). All chemicals were dried for 3 h
in vacuum to remove the residual moisture. The eutectic mixture of choline chloride
and Urea in the ratio 2:1 was synthesized by maintaining the correct molar ratio,
and the salts were mixed in a beaker. The solution was stirred constantly for 12 h at
90 °C till a clear homogenous solution was obtained. The required concentration of
ZnO (0.82 M) was mixed with 2:1 Urea/Choline chloride ionic liquid at a specified
temperature The electrolyte was mixed for more than 24 h until all the ZnO powders
were dissolved in the solution.

Electrodeposition Set-Up

All the experiments were conducted in a 50 ml glass beaker and were carried out in
a Kepco programmable power supply. The current was recorded using a multimeter
(Keithley 2000 Multimeter), and lab view software was used. A two-electrode cell
was used where copper plate (0.25 mm in thickness) was used as a working electrode
and platinum wire (0.5 mm in diameter) was used as counter electrode, respectively.
Prior to the electrochemical measurements, the electrodes were polished SiC paper,
washed with deionized water, and then dried. A thermometer was inserted in the
electrolyte solution to control the temperature, and a constant potential difference
was appliedbetween cathode and anode to facilitate the electrodeposition experiment.
After the electrodeposition experiment, the electrode surface was washed thoroughly
in deionized water until the particles and ionic liquids are removed and then dried in
vacuum for 24 h before further measurements.
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Characterization of the Deposits on the Substrate

The zinc deposits on the copper substrate were characterized using X-ray diffrac-
tion pattern obtained from the Phillips MPD XRD, and morphology and elemental
analysis of the deposits were carried out using scanning electron microscopy, the
APREO model. Cathodic current efficiency (η) was calculated using Eq. (1)

η = �W

Wt
X100% (1)

where �w is the experimental weight gain of Zinc deposits and wt is the theoretical
weight of zinc deposits (g). Energy consumption in kwh/kg can be calculated using
the equation.

E = V Q

�W
(2)

where V is the applied potential in volts and Q is the total area of the current versus
time plot.

Results and Discussion

Effect of Temperature

Temperature is an important variable that has significant effect on current density,
current efficiency, and morphology of the deposits. The variation of cathodic current
density with time was recorded in Fig. 1. It can be noted that current increases
slightly with increase in temperature. This can be attributed to enhanced diffusion
rate at higher temperature which further increases the transportation rate. At a fixed
ZnO concentration (0.82 M), current efficiency was calculated to be 75.24% at 3.0 V
and 373 K and the energy consumption was 3.26 kWh/kg. The morphology of zinc
deposited on the cathode at different temperatures is shown in Fig. 2. At 363 K,
the zinc deposits show a hexagonal crystalline structure with average grain size
of 1.7 μm. The overall morphology appears the same at higher temperature such
as 373 K but with a larger grain size of 2.1 μm showing that temperature largely
influences the grain size and surfacemorphology of zinc particle. EDS analysis shows
that peaks correspond to metallic zinc and copper. The composition of deposits is
Zn (96.9 wt.pct) and Cu (3.1 wt.pct). XRD analysis shown in Fig. 5a. confirmed the
presence of zinc peaks, and at 373 K, the peaks at 2θ = 43.3° become more distinct
which means thicker zinc deposition on the cathode substrate. The distinct peaks
at 2θ = 50.4° and 74.1° is coming from copper substrate according to ICDD File
No.01–089-0831.
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Fig. 1 Variation of current density with time at 3.0 V at different temperature, a 373 K, b 363 K

a b

Fig. 2 SEM images of deposited Zn at 3.0 V and different temperatures, a 373 K, b 363 K

Effect of Applied Voltage

The effect of applied cell voltage on current density, current efficiency, energy
consumption, and morphology of the zinc deposits is investigated at a fixed temper-
ature of 373 K. The variation of current density with time is shown in Fig. 3, and the
summarization of the current efficiency is included in Table 1. As the voltage was
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stepped up from 3.0 V to 3.3 V, the current density increased in the current–time
curve due to the increase in the total charge pass through the electrochemical cell.
Table 1 shows that the electrodeposition process is largely enhanced at a voltage
of 3.3 V and temperature of 373 K resulting in higher current efficiency of 96.85%
and energy consumption of 2.79 Kwh/Kg. This high current efficiency is due to the
high temperature and high applied cell potential which resulted in the increase in
current through the electrodes. Further, this current enhanced the diffusion rate and
the theoretical weight gain increased which resulted in higher current efficiency.

Figure 4 shows the effect of applied cell voltage on the deposited zincmorphology.
It can be seen that at 3.0 V, the zinc shows a hexagonal morphology with average
particle size of 2.1 μm and grains are thicker. With increase in voltage to 3.3 V, the
deposits are brighter with increased grain size to 2.53 μm. The growth of particle is
due to the large driving force of nucleation which results in grain growth at higher
voltage. Peaks in the EDS spectrum were attributed to zinc and copper which is
in good agreement with the results from XRD pattern. The XRD patterns of zinc
deposits were compared at 3.0 V and 3.3 V at fixed temperature of 373 K as shown
in Fig. 5b. The intensity of peaks at 2θ = 36.1° is increased at 3.3 V which means
more zinc deposits at higher voltage.

Fig. 3 Variation of current
density with time at 373 K at
different applied voltage, a
3.0 V, b 3.3 V
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Table 1 Comparison of current efficiency of zinc in various ILs

System Temperature(K) Potential (V) C.E (%) References

ZnO in Urea-ChCl 373 3.0 89.70 Yang et al. [5]

ZnO in Urea-ChCl 363 3.3 88.90 Yang et al. [21]

ZnO in Urea-BMIC 383 −1.1 99.24 Liu et al. [18]

ZnO in Urea-EMIC 353 −1.25 84.20 He et al. [15]

ZnO in Urea-ChCl 373 3.3 96.85 This work
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a b

Fig. 4 SEM images of deposited Zn at 373 K and different cell voltages, a 3.3 V, b 3.0 V
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Fig. 5 XRD pattern for deposited zinc, a as a function of temperature at 3.0 V, b as a function of
applied voltage at 373 K

Conclusions

Zinc oxide was successfully electrodeposited from ZnO precursor using 2:1
urea/ChCl ionic liquid, and the effect of experimental variables on the zinc deposition
was investigated. At a fixed potential of 3.0 V, a higher current density was recorded
at 373 K which is due to the enhanced diffusion rate at elevated temperatures. At a
fixed concentration of 0.82M of ZnO, temperature of 373 K and an applied potential
of 3.3 V, the current efficiency can reach up to 96.85% and the energy consumption
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as low as 2.79 kWh/kg. An increased in grain size was observed at high potential
and high temperature. XRD and EDS analysis confirmed the presence of zinc layer
of high purity on the copper substrate.
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Estimated End-of-Life Lithium-Ion
Battery Resources for Potential
Recycling in Bangladesh

Md. Rakibul Qadir, Miao Chen, Nawshad Haque,
and Warren Bruckard

Abstract This study analyzes open access data on the input and generation of
end-of-life lithium-ion battery waste supply for a potential commercial battery
recycling industry in Bangladesh. Four main sources were identified in the battery
waste pool: mobile phones, laptop and tablet PCs, small handheld devices, and
hybrid electric vehicles. Their predicted generation rate and volume by type were
forecasted to the year 2041 based on the available historic data and assumptions.
Such batteries contain commercially recoverable quantity of base metals like Co,
Ni, and Mn as well as other common metals like Li, Cu, Al, and Fe. These metals
are in high demand for Bangladesh where urban mining and ‘informal recycling’
currently present challenges to public health, ecological safety, and resource effi-
ciency. A precise estimate of secondary resource inventory, cumulative growth, and
economic forecasting of battery waste can pave the way for ‘formal recycling’
which will attract national and international investments.

Keywords Lithium-ion battery e-waste generation Bangladesh

Introduction

The use of secondary lithium-ion batteries (LIB) is widespread from small wearable
electronics, like smart watches or wireless earbuds, to battery operated electric
vehicles (EV). The most significant quantity of LIBs is found in small to medium
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devices related to information technology (IT) and portable electronic devices. This
segment holds great significance in terms of numbers, short service life, need for
subsequent replacement, lack of ‘second life’ options or incentives, and a mixed
mode of formal-informal recycling practices. Reliable data on battery recycling is
scarce. Heelan [1] estimated a minimum 5,569 tonnes of LIB recycling in North
America by the six major LIB recyclers (Retriev, Umicore, Recupyl, Xstrata
Nickel, Batrec, and Accurec). Notably, they identified 3 frequent sources of LIB
waste: mobile phones, laptop, and tablet PCs, while commenting that the recycling
industry was driven predominantly by laptop batteries. The recycling rate is
believed to have significantly improved in the US recently, especially in the EV
battery sector [2].
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Warnken [3] examined retailer surveys and customs statistics based on the tariff
code and classified the battery stream into; handheld (<1 kg), automotive starting,
lighting and ignition (SLI), and large and heavy batteries (>1 kg). He reported that
about 350 million batteries per annum are consumed in Australia, with 98% of them
(about 16,000 tonnes) being portable electronic device batteries. O’Farrell [4]
considered handheld (<5 kg) batteries in Australia and reported that about 50% of
the annual sales were rechargeable batteries and that LIBs were about 24% by
weight of all batteries. Original equipment manufacturers (OEM), wholesalers, and
retailers were surveyed for sales data, and the literature and customs data were
reviewed for forecasting. This data revealed that for the year 2012–13 about 98%
(1,720 tonnes) of LIB waste was illegally dumped in Australian landfills. Randell
[5] reviewed data for handheld (<5 kg) devices, EVs, and photovoltaic panel
energy storage (PVS) and concluded that it is ‘most likely’ that the Australian
combined LIB waste would be about 137,000 tonnes by the year 2036 with an
annual growth rate of 20%. It was estimated that about AU$813 million—3.09
billion total recoverable metal values would be contained in waste LIBs by 2034
[6].

A European Union (EU) study [7] analysed the LIB put on market (POM) by
different databases across the EU and correlated it with the collected LIB waste
designated in three different categories: portable (including IT devices), traction
(EVs and e-bikes), and emergency supply and storage (ESS). The report considered
the effect of informal storage (hoarding effect) in determining the average lifespan
of LIBs. It was estimated to be more than 3 years. It was also recognized that the
lifespan prediction of LIBs involved high level of uncertainty. A complete historical
inventory report of the EU, Switzerland, and Norway was constructed by modelling
corroborated survey results on batteries, waste electronics, and vehicles on 2017
considering supply placed on market, in-use stock, and waste generation [8].
According to the database, about 2.7 million tonnes of batteries were placed on the
EU28 + 2 market in 2017 alone–120,000 tonnes of which were LIBs. The results
suggested about 85–90% of the Al, Cu, Li, and Co from the LIB waste is
unaccounted-for in the model. The European Compliance Organizations for
Batteries considers the end-of-life (EoL) battery quantities to be about 80% of the
batteries’ POM, though speculates at the same time that the amount of batteries
available for collection varies greatly due to the increasing lifespan of the batteries



[9]. It was specified that about 19% of EoL batteries are used as second life outside
of the EU or get embedded with the appliance when exported because some
appliances need qualified persons with designated tools to remove the battery—
which are unavailable to the recycler. The average lifespan of the newer chemistry
LIBs used in cordless power tools, portable computers, and cellular phones remains
about 2–5 years [10].
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Although electronic vehicle (EV) batteries are enormous in volume, the current
EV market is nascent. Fortunately, large batteries are relatively easy to track,
collect, and have a clear future as ‘second life’ applications or have battery metals
recovered using formal recycling. It is estimated that about 1.6 billion electric drive
vehicles (including hybrid, plug-in, and pure electric) would have been manufac-
tured globally by 2050 [11]. Furthermore, EV battery chemistry is still evolving to
meet the growing demand for faster charging, deep discharge capacity, and safety.
As a result, the type of EV batteries may vary widely in different regional
economies. Historically, many of the HEV manufacturers used nickel-metal hydride
(NiMH) type batteries; however, the next generation of hybrids are available with
LIB variants.

Bangladesh Socio-Economic Factors

This country has very recently drafted electronic waste legislations [12].
Bangladesh was reported to produce about 126 kilo tonnes of e-waste (0.8 kg per
capita) in 2014 [13] and 199 kilo tonnes (1.2 kg per capita) in 2019 [14]. As an
emerging economy, the country is increasing infrastructure development for IT and
digitalization over the past two decades. People are encouraged to access many of
the government services online and embrace digitalization at and outside of work.
The country now has about 184 million registered mobile phone subscribers [15]
and about 126 million Internet subscribers [16]. There was an initiative to manu-
facture laptop computers locally but this project failed after two years in 2013 [17].
From 2022, about 19 million mobile handsets have been manufactured domestically
[18], though initiatives to export locally produced electronics have been in the
planning stage[19]. The country has a practical fourth generation (4G) network and
is currently evolving towards the 5G standard. The growing demand for online
application-based services (i.e., ride sharing, delivery) and over-the-top media
entertainment has increased the demand for smart phones, and laptops as well as
affiliated devices like power banks, wireless audio systems, and many other por-
table devices. In addition, the COVID-19 pandemic transformed many existing
services towards online models (e.g., grocery shopping, telemedicine, home
grooming) and helped conceive new services like-commerce of countless com-
modities and online primary education). Furthermore, the introduction of electric
mobility is gaining fast popularity in urban regions as global fuel prices increase.
Although the category is currently limited to private passenger cars, electric bikes
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(E-bikes) and lead acid battery (LAB) powered three-wheelers, and the sector is
expected to grow and widen [20].
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There is no established lithium-ion battery manufacturer or recycler in
Bangladesh. LIB recycling requires implementing advanced technology, making
infrastructure investment, and building a legally certifiable supply chain. As a
result, growing economies suffer the deprivation of large international investment
due to the lack of a significant enough volume of waste to feed an industrial scale
recycling plant. The objective of this work is to examine the LIB generation
potential of Bangladesh not only to forecast the future waste volumes but also to
examine the environmental burden to the country’s ecosystem and the latent metal
resources that will be lost.

in Bangladesh

Considering the socio-economic aspects of Bangladesh four categories of possible
LIB waste generators were identified—(i) mobile phones, (ii) portable computers
(laptops and tablet), (iii) small portable appliances (‘electric shavers and hair
clippers’ and ‘television and digital camera’), and iv) electric vehicles including
two-wheelers. The source descriptions are described in Table 1 beside the relevant
harmonized system (HS) code. In addition, the import of stand-alone batteries and
accumulators was considered. Regarding the electric vehicle segment, pure electric
vehicle data (HS 870,380) is intentionally left blank. This segment also includes
LAB powered 3-wheelers import statistics. Several other sources were also over-
looked, e.g., rechargeable toys, drones, video game consoles, smart watches,
wireless audio devices and peripherals (MP3 players, headphones, microphones,
voice recorders, etc.), and small medical devices (oximeter, glucometer, etc.) due to
the low potential volumes of the resources. Unfortunately, there is minimal sta-
tistical data available on the specific category of import and manufacture of these
devices. In addition, many of them use a mixed mode of power, e.g., AA/AAA dry
cell/other primary batteries. Furthermore, active users of such electronics make up a
small percentage of the overall. Also noted that the LIB batteries used in most of
them are significantly smaller in size.

Methodology

The estimation of LIB waste was calculated following the procedure of Forti et al.
[22]. Because Bangladesh does not record detailed category-wise sales data and has
no formal e-waste collection infrastructure, the ‘apparent consumption method’
descriptor was adopted. The e-waste generated in an evaluation year n is the



ð

product of sales or placed on market (POM) from the initial year t0 to any historical
year t prior to n, and the discard-based lifetime profile Lp (t, n) for the batch of
products sold in year t (see Eqs. (1) and (2))
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Table 1 Considered sources of LIB waste generation [21]

Category HS code Description

Cells and
Accumulators

850,650 Cells and batteries; primary, lithium

850,760 Electric accumulators; lithium-ion, including separators

Phones 851,712 Telephones for cellular networks/for other wireless
networks, other than line telephone sets with cordless
handsets

Portable PC 847,130 Portable automatic data processing machines, not over
10 kg, consisting of at least a central processing unit,
keyboard, and display

Handheld
devices

852,580 Television cameras, digital cameras, and video camera
recorders

851,010 and
851,020

Hair clippers and shavers, with self-contained electric
motors

Automobiles 870,350 and
870,360

Vehicles: with both compression-ignition internal
combustion piston engines (diesel or semi-diesel) and
electric motors for propulsion, incapable of being charged
by plugging to external sources of electric power; with both
spark-ignition internal combustion reciprocating piston
engines and electric motors for propulsion, capable of being
charged by plugging to external sources of electric power

871,160 Motorcycles (including mopeds) and cycles; fitted with
auxiliary motor, with electric motor for propulsion, with or
without sidecars

e-waste generated nð Þ ¼
Xn
t¼t0

POM tð Þ � L pð Þ ðt; nÞ 1Þ

where

POM tð Þ ¼ Domestic production tð Þþ Imports tð Þ � Exports tð Þ ð2Þ

The domestic production of several electronic and electrical devices (laptop,
mobile phones, etc.) by a handful of companies depend on LIB imports to locally
assemble the appliances because there are no LIB manufacturers in the country.
Accordingly, the POM was calculated based on imports and subtracting exports (if
any) statistics in the primary data. For cases other than ‘cells, batteries and accu-
mulators’ which is represented in kilogram (kg) data, most trade info is reported as
number of units in primary data sources. In such cases, the average representative
battery mass was assumed based on the available literature summarized in Table 2.



The probability function f(t) is the lifetime distribution function (also known as
density function and failure rate indicator), a is the shape parameter, and b is the
scale parameter of the distribution profile. The factors can vary widely depending
on the chemistry and shape (see Table 2). While such lifetime estimations are more
correct when fitted to ‘cycle life’ data, the actual lifetime of an appliance in terms of
years could significantly vary depending on the user’s habit or the service condi-
tions. Correspondingly, the current scope of work requires a much more generalized
approach. Hence, the Weibull factors for ‘year’ data reported by Forti [22] for
mobile phones were used. It was assumed that among the variety of electrical and
electronic appliances the lifetime of the mobile phones was relatively closer to that
of the embedded LIB unit. Finally, the historical data of aggregate POM of LIBs
was matched with a third-degree polynomial curve and projected out to the year
2041.

The lifetime profile was calculated using the Weibull probability distribution
function [22–25] as shown in Eq. (3).
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Table 2 Weibull functions for LIB lifetime estimation

Type of cell/ appliance Weibull factors Life estimated on Source

Shape parameter,
a

Scale parameter,
b

Mobile phone 1.52 5.62 Years [22]

EV all chemistry (2005–
2019)

3.10017 7.93695 Years [26]

LCO (Pouch) 5.22 516.88 Number of
Cycles

[24]

LCO (Pouch) 1.5 250 Number of
Cycles

[25]

LFP 11.17 926.78 Number of
Cycles

[27]

LMO 5.75 144.20 Number of
Cycles

L pð Þ t; nð Þ � f ðtÞ ¼ a
b

t
b

� �a�1

:e�
t
bð Þa ð3Þ

Data Sources

The current work utilizes the reported trade data from the United Nations Comtrade
database website according to the HS code of commodities using LIB. The data
reports by countries all over the world to Bangladesh from the year 2002 to 2021
were used. For trade direction, export, import, re-export, and re-imports (if any)



Previous Surveys and Modelling for Bangladesh e-waste
Scenarios

were considered. In comparison, formal import values declared by the Bangladesh
Bureau of Statistics (BBS) under the Ministry of Planning, Government of
Bangladesh were also used. Import volume of identified commodities was only
accessible for the past four consecutive fiscal years. Relevant previous literature,
open articles, media coverages, and press releases were also reviewed.

There are several issues with the data itself. Firstly, the sources only report
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formal imports which were declared to certain categories. There are other sources of
undeclared import/input. For example, batteries brought by luggage of international
travellers or expatriates, by salvage/scrap vehicles or ships, or intentional or
unintentional miscategorised import (i.e., ‘informal’). Secondly, there could be
discrepancies in the data itself. For example, some transactions were made in
different units or quantities, per kg and in some cases, neither the units nor volumes
were recorded. This could either be the continuation of transactions of the previous
fiscal term or a typographical error. Nonetheless, such entries were ignored, where
it was applicable, the volumes were projected to a value from historical reports from
the same country. In addition, the presence of data discrepancies for the combined
EVs and E-bikes for the FY 2017–18 and FY 2020–21 of the BBS data were noted
and that information was not used for calculations. Evidently, the number of
imports reported for the EV categories for those two years is erroneous when
compared to other sources [28] or to the number of private passenger vehicles and
motorcycles actually registered in those years [29]. Finally, it is recognised that the
reported export, re-export, and re-import values could have been avoided, but was
included anyway to keep the integrity of the data source.

In published work, Environment and Social Development Organization-ESDO
conducted surveys among importers, retailers, mechanics, and consumers of elec-
tronic and electrical equipment (EEE) in the capital city Dhaka during 2009–10
[30]. The study focused on 6 types of electronic waste (television, computer,
mobile, CFL bulb, and medical and dental equipment). Some of these contain EoL
LIBs, but unfortunately, there was no precise estimation of total LIB waste gen-
erated. The authors estimated about 2.7 million tonnes e-waste generated annually
in the country, and ship breaking yards accounted for most (2.5 million tonnes). In a
later work, it was estimated that 10.02 million tonnes of e-waste per year in 2011–
12 [31]. Another report [32] from the same organization emphasised the impact of
ship breaking yards as well as the informal trade of e-waste from developed
countries into developing ones–making a reference to the UNEP report [33].
Yousuf and Reza [34] estimated the number of computers and mobile phones,
following the work of Sinha [35], by average lifetime versus the weighted distri-
bution lifetime for 2010–2012 and reported significant growth rates in both cases,



Average Battery Weight and Lifespan

Results and Discussion

According to the primary data sources, the LIB POM for historical years 2002–
2021 is displayed in Fig. 1. The BSB data is depicted in the inset. The largest
contribution was by the mobile phone batteries until 2017. Portable PC and
handheld devices have had meaningful contributions to the EoL battery supply for

but EoL LIB volumes were not determined. The Centre for Environmental and
Resource Management conducted a study [36] on e-waste in Bangladesh reviewing
existing literature and surveying primary data from recycling shop owners, dealers,
and scrap collectors. Material Flow Analysis method was adopted according to the
various United States Environmental Protection Agency (USEPA) models to
forecast e-waste generation from eight EEE items (TV, AC, Computer, Mobile
phone, IT equipment, CFL Bulb, Fridge, and Electric fan) based on the weighted
End of Life quantity. In their study, the authors deferred to the claims of ESDO that
the actual amount of wastes generated would be much less.

168 Md. R. Qadir

One of the advantages of LIBs is the customizable size, shape, and charge density–
depending on chemistry. Unfortunately, that renders it difficult to precisely estimate
the total volume of LIB waste. Historically, button cells of primary lithium battery
were available, and secondary rechargeable varieties are available still. For cylin-
drical batteries, there are several common geometries used individually as well as a
building block (series–parallel) for larger batteries. In addition, the type 18,650
(18 mm diameter, 65 mm length) was the most popular among the battery and
electronics manufacturers for past several years. The prismatic and pouch type of
LIBs are fundamentally similar, except that the prismatic cell is larger and consists
metallic (commonly Al) casing compared to the soft polymeric bag of pouch cell.
The pouch type LIBs are made for smaller applications and are mostly embedded
inside the appliances (i.e., cellular phones).

Table 3 summarizes several types of LIB average mass and average lifespan
reported by various sources. Due to increasing demands of appliances, battery
lifespan has decreased, and in many cases, the appliance embedded may be dis-
carded with functional battery. Regardless, a conservative approach was taken
while selecting average mass and lifespan of different LIB types in this study to
keep resemblance to the available literature as well as to minimize the risk of
over-estimation. The few categories not considered in this study include ‘Cordless
power tools’, ‘PV energy storage (PVS)’, and ‘Emergency power storage (EPS)’
because of less popularity (power tools) and the use of lead acid alternatives (PVS
and EPS) in the Bangladesh scenario.



significant volume—which it will increase in the future. The largest volume was

] ]

Estimated End-of-Life Lithium-Ion Battery Resources … 169

Table 3 Average weight and lifespan reported of LIBs used for various appliances

Type of LIB source Type of cell Average
mass

Average
lifespan
(years)

Considered
in this study
Avg. mass
(g)

Mobile phone Feature phone Pouch 22 g [1]
21.2 g [3]
32 g [4]

6.5 [4]
6.4 [7]
4.8 [37]

20 g

Smart phone Pouch 36–45 g [38 2–3 [39 40 g

Small-medium
IT

Laptop PC Cylindrical 274 g [1]
563.3 g [3]
325 g [4]

6 [3]
6.5 [4]
6.4 [7]
4.1 [37]

325 g

Tablet PC Pouch 50 g [1]
125 g [4]

6.5 [4]
6.4 [7]
2–3 [40]

Digital
devices

Pouch 21.3 g [3]
14 g [41]

2–3 (*500
cycles) [41]

20 g

Power banks Prismatic 140–640 g
[42]

2–3 (*500
cycles) [41]

250 g

Handheld
devices (<5 kg)

Cordless
power tools

Pouch/
cylindrical/
prismatic

546.6 g [3]
635.8 g [4]

5 [3]
3.4 [4]

Not
considered

Portable
devices

Cylindrical
(type-1865)

44–49.5 g
[41]

2–3 (*500
cycles) [41]
6.4 [7]

50 g

Electric vehicles
(EV)

4 wheels Cylindrical/
Prismatic

* 300 kg
[5]
0.415–
1.288 kg (per
cell) [41]

10 [5]
5–15 [7]

300 kg

E-bikes Cylindrical/
Prismatic

2.5–17.4 kg
[43]

2–5 (500–
2000
cycles) [43]

10 kg

Emergency
supply and
storage (ESS)

PV energy
storage (PVS)

Pouch/
prismatic

Variable 10 [5] Not
considered

Emergency
power storage
(EPS)

Prismatic Variable 5.8 [4]
15–20 [7]

many years. Beginning in 2017, the EoL electric automobile (EV) batteries had

cells and accumulators’ segment. The first reason is the domestic manufacture of
mobile phones and other portable devices might have triggered bulk import of
LIBs. In addition, EV batteries reach EoL around the same time which might have
accompanied some EV battery as replacement spare parts. However, the BSB data
is incomplete or erroneous due to the reasons mentioned earlier.



The LIB POM projections are depicted in Fig. 2. It is expected that by 2023 the
national LIB POM will reach 5,000 tonnes and will nearly double in the next
5 years. At this rate, the total POM will probably surpass 40,000 tonnes by 2041.

Based on the historical data, the yearly LIB waste generation is shown in Fig. 3.
The Weibull density function is given on the inset. The distribution was taken as
impactful up to 15 years, considering the variety of types and chemistries of LIBs
expected including EVs. Beginning with 2022, about 2,500 tonnes of LIB wastes
are generated each year—which is going to grow significantly in the future. The
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Fig. 1 LIB put on market from Comtrade data and BBS data (inset)

volume of this waste is significant considering zero formal recycling facilities exist
for lithium-ion batteries. Accordingly, it is assumed zero battery waste is being
dumped into landfills. Commercial LIB plants all around the world have annual
capacities (operating and planned) ranging from 100–100,000 metric tonnes [44].
Since several of them operating at present have an average capacity of 3,000–6,000
tonnes per annum, the raw material supply in Bangladesh for formal recycling
ventures could be considered comparatively promising.



Fig. 3 Estimation of LIB waste generated (forecasted from year 2021) and Weibull distribution
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Fig. 2 LIB put on market, based on Comtrade data (projected from year 2022)

(inset)



lithium-ion battery waste generation in Bangladesh was estimated and forecasted
for the next two decades. The volume and a description of the types of LIB waste
generated and their future trends were displayed. Bangladesh is generating signif-

be resolved by dumping the waste into landfills. Batteries are toxic and constitute

4. O ’farrell K, Veit R, A ’vard D, Allan P, Perchard D (2014) Trend analysis and market
assessment report. VIC, Australia

8.

9.

12.

Conclusion

Using historical trade data over the last 20 years and common statistical functions,
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icant amount of LIB battery waste at this moment and the future. This issue cannot

fire hazards if they are treated informally. These insights could be utilized by
decision makers as a basis for developing strategies for waste battery collection to
establish recycling facilities. The current and predicted time series for predicted
waste generation demonstrates a meaningful raw material supply that could lead to
formal battery recycling industry.
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Recycling of Spent Lithium-Ion Batteries
at Swerim

Xianfeng Hu, Elsayed Mousa, Ludvig Ånnhagen, and Guozhu Ye

Abstract For a smooth transition to a CO2-neutral society, spent lithium-ion
batteries (LIBs) must be recycled. Swerim has made significant advances in this
field. This paper will summarize the major projects and highlight their major results.
In the pyrometallurgical study, an optimized pyrometallurgical recycling process was
developed and demonstrated in a pilot electric arc furnace (8-tonne scale). The devel-
oped process demonstrated a high recovery of cobalt and nickel of >98%, and most
of the lithium was recovered into a Li-rich dust fraction which could be upgraded
into lithium carbonate by carbonated water leaching. In the shredding and thermal
treatment study, a homemade simulator was constructed to simulate the combined
mechanical and thermal treatment of spent LIBs cells. Studies were conducted to
examine the possibility of recovering electrolyte components aswell as to understand
the mechanisms behind the formation of gases generated during shredding.

Keywords Recycling · Spent lithium-ion batteries · Pilot testing · Simulator ·
Hazardous gases · Shredding

Introduction

The rapid growth in themarket for electric vehicles using lithium-ion batteries (LIBs)
in the recent and coming years will lead to a vast accumulative burden of spent LIBs
in the future [1–4]. Recycling of spent LIBs and recovery of valuable elements from
spent LIBs is imperative due to the following reasons. Firstly, spent LIBs contain
toxic and flammable components (such as nickel, cobalt, and electrolytes); improper
disposal of the spent LIBs could incur explosion and contamination of the soil and
groundwater [1, 5–7]. Secondly, spent LIBs contain valuable elements such as cobalt,
nickel, copper, and lithium. On the one hand, the recovery of these elements is critical
to sustaining the ever-increasing production and market needs for LIBs [8, 9]. On the
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other hand, producing these valuable elements from secondary resources consumes
less energy and releases less greenhouse gas than that from virgin resources [10].

The recycling processes for spent LIBs can be categorized as hydrometallurgical-
dominant processes and pyrometallurgical-dominant processes. Regardless of the
applied recycling processes, pretreatment of spent LIBs, including dismantling,
crushing, thermal treatment, sieving, etc., is generally needed to remove the toxic
electrolytes and concentrate the valuable fractions. In a typical hydrometallurgical-
dominant process, the electrode materials obtained after pretreatment of spent LIBs
were subjected to acid leaching, solvent extraction, and precipitation to extract Co,
Ni, and Mn from electrode materials as corresponding sulfates, which can be further
purified and used as the precursors for producing new LIBs [1, 10]. In a typical
pyrometallurgical-dominant process, the electrode materials obtained after pretreat-
ment of spent LIBs were subjected to smelting reduction, for example, in a shaft
or electric furnace. Oxides of Co, Ni, and Mn in the electrode materials could be
reduced to form a metal alloy, which can be used as a master alloy for the production
of special steels or be further processed to extract Co, Ni, and Mn for producing
new LIBs. Meanwhile, lithium in the electrode materials is often lost in the slag
phase. Generally speaking, hydrometallurgical processing might have the advan-
tage of recovering most of the metals including lithium. However, the processes
are time intensive and sensitive to changes in the battery chemistry and impurities
levels. The pyrometallurgical-dominant processes still have several advantages such
as high throughput efficiency, fewer unit operations, and readiness for scaling up [1,
10]. Furthermore, chemistries of LIBs are changing in a rather rapid phase, and cell
manufacturers are switching to cheaper cathodematerials, such as lithiummanganese
oxide and lithium iron phosphate, to lower the price of batteries [2]. In such cases,
the pyrometallurgical-dominant processes are to be preferred due to their high flexi-
bility in battery types and chemistries [6]. The major disadvantage is the poor or no
Li-recovery in the existing pyrometallurgical processes.

Another important issue for a sustainable recycling industry for spent LIBs is
the safety and secure working environment during battery production and recycling.
In this regard, a shredding simulator was built and installed at Swerim to investi-
gate the possible hazards that might be formed and to understand the gas formation
mechanisms under various shredding and thermal treatment conditions.

This paper is a compilation of our major accomplishments (also published else-
where [11–13]) from two research projects conducted at Swerim: one on developing
an optimized pyrometallurgical process to efficiently recoverCo,Ni,Mn, andLi from
Spent LIBs and another one on the safety and working environment management
during crushing/shredding of LIBs.
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Fig. 1 Illustration of the ReLion concept on the recycling of spent LIBs

Recovery of Valuables from Spent LIBs—The ReLion
Concept

The ReLion Concept

The ReLion concept has been developed by detailed thermodynamic considerations.
It is indicated that it should be possible to control the process so that Ni-, Co-, and
Mn-oxides can be reduced to a metal alloy phase while lithium can be reduced to a
gas phase and recovered as a Li-compound in the off-gas, as illustrated in Fig. 1.

Laboratory Tests [11]

To validate the developed ReLion concept, laboratory-scale tests were carried out
using a Tamman furnace (Fig. 2a). The set-up of the Tamman furnace and testing
procedure is given elsewhere [14]. The furnace has a graphite heating element, which
is protected by Ar gas (6 l/min). The testing materials were prepared by well mixing
the ‘de-coked’ black mass with needed carbon for the reduction process without
the addition of any slag-forming materials. MgO type crucible (OD: 64 mm; H:
240 mm) with each testing sample of 120 g was placed in the even temperature zone
of the furnace. The furnace sample was heated up to 1600 °C at a rate of 15 °C/min
and then held at 1600 °C for 180 min. After that, the sample was cooled down to
room temperature in the furnace. During the smelting process, the flue dust was
collected by a cone-shaped stainless-steel cover placed at the outlet of the furnace.
After the experiment, the dust sample was taken from the cover and analyzed by
XRD method. The metal and slag samples (if any) were taken from the furnace,
manually separated, and, respectively, analyzed by Optical Emission Spectrometry
(OES) and XRD methods.
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Fig. 2 a The Tamman furnace used for the smelting reduction of black mass materials from spent
LIBs; b the white deposit formed on the cone-shaped stainless-steel cover; c XRD analysis of the
white deposits [11]

Figure 2b shows the dust collection cover cone at the top of the furnace. When
the Li-bearing furnace gas flowed through the cone, the evaporated Li reacted with
the exit CO-gas and air and formed Li2CO3 which was evenly deposited as a white
layer on the inner side of the cone. XRD analysis of the collected white powder
(Fig. 2c) shows that it mainly consists of Li2CO3 and LiF for all three different
battery materials tested. In one of the tests, there was no slag formed meaning that
all Li could be recovered to the dust fraction. Co- and Ni-recovery yield was as high
as 100%.

Trials in Pilot Scale [12]

Based on the promising laboratory testing results, a pilot-scale testing campaign was
carried out at Swerim in 2018. The pilot testing set-up is shown in Fig. 3. Three
major types of battery wastes were tested and processed to demonstrate the ReLion
concept. These include production waste of (i) cathode material only (no graphite,
Type A), (ii) mixture of cathode and anode material (Type B), and iii) battery cells
(Type C). Cells were charged during smelting, whereas the dust fraction was added
via injection and −4 mm fraction via top feeding as shown in the figure.

Twopilot smelting trials, namelyTrial I andTrial II, were conducted consecutively
in two days with one trial heat each day in a pilot EAF (with a capacity of 10 tonnes
and 5 MVA). The LIBs materials tested in the Trials I and II are, respectively, 5.3
and 4.3 tonnes.

The testing procedure is shortly described as follows:

(i) A start charge was prepared and melted in the EAF aiming to start a metal
bath of around 4 tons. The recovered metals from battery materials should be
reported there. A certain amount of CaO-Al2O3 slag was also added in the start
charge with the purpose to absorb the formed Al2O3 as Al in the battery waste
will be oxidized and needed to be treated. The other start-charge materials
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Fig. 3 The set-up for the pilot testing trials [12]

include about 300 kg of A + 4 mmmaterial in Trial I and 560 kg of spent LIBs
materials (C materials) in Trial II.

(ii) Top charging of the LIBs materials (A −4 mm and B −4 mm fractions). The
top charging of the materials was implemented by the overhead crane and the
top charging bin equipped at the EAF (referring to Fig. 3). The -4 mm fraction
materials were mixed with the anthracite and slag formers. The charging speed
of the material mix was controlled at 1000–1300 kg per hour.

(iii) Injection of the LIBs materials (A dust and B dust). Due to the fineness of the A
dust and B dust, they were charged into the EAF through a submerged injection
lance (referring to Fig. 3). The injection rate was controlled at around 45 kg
per minute, and the operating temperature was controlled at > 1500 °C. During
the injection, the anthracite (only applied for A dust), lime, and dolomite were
loaded in the furnace by top charging.

(iv) EAF dust collection. During the entire EAF smelting, the off-gaswas exhausted
with a flow rate of around 6000 m3/h. The off-gas was subjected to post-
combustion at the off-gas outlet of the EAF and subsequentially cleaned by a
bag filter, where the EAF dust was collected in the dust barrel.

(v) Tapping of slag and metal. The tapping of the slag was carried out during and
at the end of the trials, while tapping of the metal was carried out only at the
end of the trials.

The tapped slag and metal as well as collected dust samples were weighted and
analyzed. Based on that, an overall heat and mass can be made. The recovery yield
of Co, Ni, and Mn could be calculated, and Li distribution in the dust and slag could
also be calculated.
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Fig. 4 Summary of the pilot testing results: aMetal recovery; bXRD analysis of the Li-containing
dust; c extraction of Li2CO3 from the dust [12]

The main testing results achieved are summarized below and shown in Fig. 4.

• A metal recovery of Co and Ni of 98%, and around 94% for Mn
• About 75% of Li was recovered as Li2CO3 in the off-gas dust containing about

60–65% Li2CO3
• The obtained Li-rich dust was further upgraded to Li2CO3 (purity > 93%) by

carbonated water leaching and crystallization

Summary of ReLion Testing Results

The pilot testing results validated of the ReLion concept. It is also demonstrated in
the pilot scale that most of the Li in the spent LIBs or black mass can be recovered
without having to compromise the high recovery yield of Co and Ni. To further
increase the Li-recovery, the Al content needs to be reduced to a minimum level as it
will easily end up in the slag. Some of Li-oxide will dissolve in the slag. A possible
approach for LIBs recycling based on the ReLion testing results is illustrated in
Fig. 5.

LIBs Shredding Simulator at Swerim [13]

Lithium-ion batteries (LIBS) contain volatile and reactive chemicals possibly gener-
ating toxic and/or flammable gases during the related recycling. The studies on gas
formation during the recycling of spent LIBS are scarce. In order to understand
what happens during shredding of spent LIBs or pyrolysis of LIBs black mass, a
reactor for simulating shredding conditions and for pretreatment of LIBS cells or
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black mass is installed at Swerim in 2020. During the trials, a multi-component
mass spectrometer is normally employed to investigate the formation of gas species
(especially those that are flammable and toxic) during combined mechanical and
thermal treatments of the spent LIBS cells. This makes it possible to qualitatively
and quantitatively identify the gas species formed during mechanical and thermal
treatments and thereby providing important knowledges needed for riskmanagement
and for a non-hazardous working environment. The set-up of the simulator is shown
in Figure 6.

In the followings, one of the studies will be used to illustrate how the simulator
can be used for various purposes. In the study, two types of spent LIBS cells were
subjected to combined mechanical and thermal treatments at the constant tempera-
tures of 20 °C, 120 °C, 200 °C, and 400 °C under a nitrogen atmosphere. A total
of 46 gaseous species, including electrolyte components, oxygenated hydrocarbons,

(a) Mechanical and thermal treatment of the LIBs cell
(b) Organic solvent collection

and offgas treatment
(c) Online gas analysis by using a mass 

spectrometer

①
②

③

④

⑤

⑥

⑦

⑧

⑨

⑩
⑪

⑫

⑬

⑭

Fig. 6 Experimental set-up used in this study: (a) mechanical and thermal treatments system; (b)
the electrolyte components condensation system; (c) the in-situ gas analysis system. ➀ nitrogen
inlet; ➁ vacuum pump; ➂ thermocouple; ➃ chamber; ➄ stainless-steel nail; ➅ LIBS cell; ➆ heating
elements; ➇ thermal gas duct; ➈ ice-water-cooled capsule; ➉ electrolyte components; ©11NaOH
solution; ©12 calibration gases; ©13 mass spectrometer; ©14 computer [13]
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hydrocarbons, and others, were qualitatively and quantitatively analyzed by mass
spectrometry. At higher process temperatures, the concentration or volume of the
formed gases increased accordingly. Additionally, at and below 120 °C, the formed
gaseous species slightly differed depending on the cell type, whereas they were
analogous at 400 °C. The formation of different gas species involved the activity
of electrolyte volatilization, electrolyte degradation/decomposition, and pyrolysis of
the organic separator and binder, followed by complex radical reactions among the
species formed by the physicochemical reactions.

Table 1 lists the gas species released from the two cell types at different process
temperatures. A total of 46 species, including 43 gas species and 3 radical species,
were identified and divided into four groups: electrolyte-component species (α1–
α5), oxygenated hydrocarbon (OCH) species (β1–β6), hydrocarbon (HC) species
(γ1–γ18), and other gas species (δ1–δ17). Among the identified gas species, the
release of several gas species (such as DMC, EC, CH2O, CH4, C6H6, C8H8, and
CO2) was independent from cell type and process temperature. This indicates that
some gas species could already be present in the cells before the mechanical and/or
thermally treatments. As an example, DMC and EC could be the components of
the electrolyte; CH4 and CO2 could have formed inside the cells during their cyclic
charging-discharging process [15–18]. The difference in the gas species released
from the two cell types was notable at T ≤120 °C. As an example, at 20 °C, C2H2

and HCN were found in the prismatic-NMC cell but absent in the cylindrical-NCA
cell. Furthermore, the number of gas species formed generally increased at higher
process temperatures, and some gas species were only detected at high temperatures,
e.g., C9–C16 (γ11–γ18) at 400 °C.Thepresence of free radicals indicated the residual
reactivity of the gas that did not reach a stable state.

Figure 7 shows the formation of (CN)2 and POF3 in the two cell types. The formed
(CN)2 in the gas reached 30 ppm and 26 ppm, corresponding to 0.56 ml and 0.90 ml
from the cylindrical-NCA and prismatic-NMC cells in the 60-minute measurement
time, respectively, at 400 °C. The concentration and volume of the (CN)2 and POF3
formed from the prismatic-NMC cell were higher than those from the cylindrical-
NCA cell; both concentration and volume of these gases increased at higher process
temperatures.

Summary

This paper has summarized two major R&D activities on the recycling of LIBs at
Swerim.

The ReLion study aimed for developing an optimized pyrometallurgical process
with a focus on Li-recovery. It has demonstrated in a large pilot scale that it is possible
to recover most of the Li from the spent batteries/black mass without compromising
a high yield of recovery of Co, Ni, and Mn, by using pyrometallurgical approaches.
It has also shown that the best way to further improve the Li-recovery degree is to
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Table 1 Species detected bymass spectrometry during the combinedmechanical and thermal treat-
ments of the cylindrical-NCAand prismatic-NMC spent LIBs cells at different process temperatures
in the nitrogen atmosphere [13]

The three radical species are labeled with a dot (˙); α1–α5: electrolyte-component gas species; β1–
β6: oxygenated hydrocarbon; γ1–γ18: hydrocarbon gas species; δ1–δ17: other gas species. ‘

√
’ and

‘ × ’ indicate the presence and absence of the species, respectively; ‘/’ indicates no data available.
A and B refer to the cylindrical-NCA and prismatic-NMC cells, respectively.

minimize the slag amount. For this reason, a feed material with a lower Al content
is essential.

Safety and working environment are essential for sustainable battery production
and recycling processes. The initial studies using the shredding simulator at Swerim
have shown that hazardous gases like cyanides and F-bearing gases like HF and
POF3 can be formed during mechanical and thermal treatment. It has also shown
that the organic constituents of the electrolyte used in the LIBs can be recovered
during mechanic and thermal treatment.
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Fig. 7 Quantitative identification of (CN)2 and qualitative detection of POF3 formed during the
combined mechanical and thermal treatments of the cylindrical-NCA and prismatic-NMC cells at
different process temperatures in the nitrogen atmosphere. a and b show (CN)2 formed from the
cylindrical-NCA cells and prismatic-NMC cells, respectively; c and d show POF3 formed from the
cylindrical-NCA and prismatic-NMC cells, respectively [13]
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Comparison of Hydrogen Reduction
of Different Lead-Bearing Materials
for Lead Recovery

A. Rukini, M. A. Rhamdhani, G. A. Brooks, and A. Van den Bulck

Abstract Understanding the fundamental knowledge of lead reduction from lead-
bearing materials using hydrogen is essential for developing a carbon neutral lead
production process. Recycling of lead from secondary resources using hydrogen as a
reducing agent is industrially important to promote circular economy, resource effi-
ciency, and reduction of carbon footprint. The current study evaluates and compares
the general reduction mechanism of PbO with a more complex lead-containing
compound, PbO-SiO2 glass/slag. Isothermal reductionswere carried out onpelletized
PbO and PbO-SiO2 (70wt% PbO and 30wt% SiO2) using hydrogen at 350 to 800 °C
(for PbO) and 300 to 700 °C (for PbO-SiO2). The results frommicrostructural obser-
vation showed that uniform, globular, non-wetting leaddroplets formedon the surface
of PbO pellets. The lead droplets covered the whole surface, which appeared to
inhibit further reduction. In the case of PbO-SiO2, the viscous nature of the glass/slag
appeared to significantly hinder diffusion of hydrogen within the pellet, resulting in
a low reduction rate.
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Introduction

Current global lead production dominantly relies on secondary resources which
include three major sources: spent lead-acid batteries; degradedmetallic lead (alloy);
and by-products from metal industries such as dross and slags. It is worth to note
that some metal plants (e.g. copper smelting plant) generate slag with substantial
amount of lead in which economically attractive to be recycled. The recovery of lead
from complex slag (typically contains more than three types of oxide compounds) is
commonly carried out through reduction by coke or carbon-based reductant at high
temperature. Following the reduction, lead is then separated from the molten slag.
A number of studies on lead-rich slag reduction using carbon-based reductant have
been published [1–5]. Amidst the decarbonization effort globally, hydrogen utiliza-
tion is one of the most sought alternatives to carbon. Fundamental understanding
on the reduction of lead oxide and its multicomponent slag system by hydrogen is
essential for optimizing lead extraction and recovery in industrial practice. However,
no existing work in an open literature was found on the reduction of complex lead
bearing slag using hydrogen gas.

Slags from industrial metal productions are quite complex and consist of various
components that are mainly the result of reactions during the process. An approach in
studying the reduction from the simplest system of PbO to an increasingly complex
system will help in understanding of the broader behavior of the industrial system.
The current study is part of broader study that intends to investigate the mecha-
nism and the kinetics of the reduction of industrial lead-bearing oxides step by step
from the simplest compound of PbO to a more complex slag system to get a clear
understanding of Pb recovery. From the perspective of thermodynamics, based on
the Gibbs free energy formation of PbO and hydrogen oxide on Ellingham diagram,
PbO is thermodynamically reducible by molecular, atomic, and plasma hydrogen
gas. There are few studies reported on how PbO behave under hydrogen atmosphere
in which the previous studies encompassed an observation of kinetics behavior of
different PbO crystal structure [6] and kinetics of a packed bed of PbO powder under
hydrogen atmosphere [7]. There are still research gaps that need to be answered such
as the effect of water vapor on the reduction behavior, the reduction of bulk PbO-
containing solids, and how the liquid Pb affect the solid-state reduction. No hydrogen
reduction studies were found in the open literature on more complex lead-bearing
slags with more than two components except for lead silicate (PbO.SiO2) glass.
Hydrogen treatment is one of the common steps for microchannel plate production;
thus, hydrogen reduction on a lead silicate glass type has been relatively explored.
However, these studiesmainly focused on its semiconductor properties that are essen-
tial for microchannel plate applications [8, 9]. The current work aims to study from
the point of view of metal extraction from the Pb-containing resources in support
of decarbonization effort in non-ferrous industries. In the current work, reduction of
PbO and PbO-SiO2 pellets under hydrogen containing atmosphere was carried out
at temperatures from 350 °C to 800 °C with a focus on the microstructure evolution
during the process.
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Experimental Procedures

Pellet Making

The starting material for the PbO reduction was a high purity PbO powder (>99.9%)
sourced from Sigma Aldrich. During pellet making, 5 g of PbO was pressed into a
pellet in a steel mould, resulted in a pellet with an average diameter of 29.5 mm and
thickness of 4.2 mm. The PbO powder was hydraulically pressed under 10 tons of
weight for 30 min. A lead silicate slag/glass composition selected for the study was
70wt%PbO—30wt%SiO2. The SiO2 powderwas sourced fromSigmaAldrich (with
purity of 99%+ ). The mixture was mixed for 24 h in a ball mill before melted twice
in an alumina crucible at 800 °C for 30 min. The cast slag then crushed and sieved
into 45 μm powder before pelletized. Approximately 2.5 g of PbO.SiO2 powder
was pressed in a hydraulic pressing machine under 5 tons weight for 20 min, which
resulted in a pellet with the same dimension as PbO pellets.

Hydrogen Reduction Set-Up

In this study, solid-state PbOandPbO.SiO2 reductions in amixture of 15%hydrogen-
85% nitrogen (H2/N2) atmosphere were carried out. An isothermal reduction was
performed in a vertical tube furnace (as shown in Fig. 1) at temperatures of 350 °C to
800 °C. The furnace was preheated to the designated temperature prior to inserting
pellet into hot zone. Temperature in the hot zone was calibrated with a standard
reference thermocouple, and it was found that the temperature measured in hot zone
has ±1 °C accuracy. Argon gas was first flowed for 5 min into the furnace in order to
flush out any air inside the furnace chamber. Then, the H2/N2 gas mixture was flowed
into the furnace chamber with constant gas flowrate of 500 mL/min. The pedestal,
which supported a crucible containing the pellet, was then positioned in the hot zone
to let the reaction occur (with reaction times from 30 min to 4 h). In anticipation
of having liquid Pb metal produced during the reduction, the crucible holder was
equipped with nickel chromium wire net as shown in Fig. 1, to let any possible lead
liquid to drip down through it. For stopping the reaction, the furnace chamber was
flushed again with Ar gas to let the hydrogen mixture gas flushed out of the system.
The sample was then lowered into a water cooling zone at the bottom of the furnace
and cooled down for 30 min to minimize direct re-oxidation when exposed to air.
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Fig. 1 A schematic of experimental apparatus consisting of a vertical resistance tube furnace; with
sample holder, gas, and ventilation systems; (inset) a crucible holder system equipped consisting a
shallow alumina crucible with Ni–Cr wire net to hold the pellet sample and also functioning as a
drain for liquid Pb

Results and Discussion

Asummary of comparison between hydrogen reduction of PbO and PbO.SiO2 pellets
is presented in Table 1. In general, samples from both experiments experienced a
physical alteration such as color change during the early stage of reactions. In the case
of the PbO reduction, lead droplets were observed visually at temperatures 500 °C
to 800 °C. In the case of PbO.SiO2 reduction, softening and significant change in
the shape of the samples were observed, especially at high temperatures (beyond
the softening point). The chemical reaction and mechanism appeared to be different
between the PbO and PbO.SiO2. In general, the reduction of both PbO and PbO.SiO2

appeared to be controlled by the diffusion process although the hindering factor for
diffusion was different for each case. In the case of reduction of PbO, a dense liquid
Pb product covered the whole surface and this appeared to hindered diffusion of
hydrogen to allow further reduction. In the case of PbO.SiO2, a viscous melt was
formed, and bubble formation was observed. These phenomena appeared to provide
a hindrance for hydrogen reduction; hence, the reaction was also halted.
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Table 1 Comparison of PbO and PbO.SiO2 reduction process under hydrogen atmosphere

Key observations PbO reduction PbO.SiO2 reduction

Physical alteration 350–500 °C: Color change from
reddish yellow to greyish pellet
500–800 °C: Formation of visible
lead droplets

300–500 °C: Color change of
white pellet into brownish and
black pellet
600–700 °C: Softening and
drooping of pellets

Chemical reaction PbO + H2 → Pb + H2O (PbO) + H2 → Pb + H2O

Reduction Mechanism Diffusion controlled process by
dense metal product

Diffusion controlled process by
viscous silicate glass

Misc. Phenomena Involving a polymorphic transition
of PbO and grey oxide formation
At temperature range 700–800 °C, a
heavily liquid lead was formed

Viscous silicate bubble
formation was observed
Reduction reaction occurred
involving PbO embedded

Macro- and Micro-Observation

Physical observations at macroscopic and microscopic level were carried out on the
reduced PbO and PbO.SiO2 samples. As mentioned in Table 1, there was a color
change for both samples due to reduction process at the early stage of the reaction.
There was also shape alteration observed at later stage of reduction, especially on
the lead silicate samples which was not the effect of hydrogen reduction but highly
related to glass softening.

Figure 2 shows the macrograph of the surface and cross section of PbO pellets
reduction by hydrogen at different temperatures, taken at 3 h of reaction. It can
be seen from Fig. 2 that a reddish yellow PbO pellet turned into greyish color as
the reduction proceed. Few Pb droplets were observed at 400 °C and 500 °C while
significant numbers of Pb droplets were observed at 600 °C and 700 °C. At these
high temperatures, the lead droplets covered all the surface and that some evidence
of droplets coalescence could be observed. Phase analyses have been carried out by
the authors in other work [12], indicated that the greyish color was a result of partial
reduction of PbO which generated a mixture of Pb with unreduced PbO known as
‘grey PbO’ or ‘leady oxide’. Meanwhile, a slight color change from reddish yellow
of PbO pellet into bright yellow observed on the cross section of the pellet was due
to the polymorphic transition of α-PbO to β-PbO that has been observed in previous
studies to occur in the temperature range 489 to 530 °C [6, 10, 11]. The cross section
of PbO samples showed a characteristic of a diffusion-controlled process where
reduction was not fully occurred at the center of the pellet especially for samples that
were uniformly covered by lead droplets. A comprehensive kinetics study has been
carried out by the authors [12] which demonstrated that the hydrogen reduction of
PbO pellet was diffusion-controlled.

Selected SEM images showing the surfacemorphology of PbO pellets after reduc-
tion at higher magnification are given in Fig. 3. Fine Pb seeds with average size of
0.5 μm were observed on sample reduced at 400 °C (Fig. 3a). These Pb seeds grew
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Fig. 2 Macrograph of PbO pellets reduced by hydrogen for 3 h at different temperatures

Fig. 3 SEM observation of PbO pellet’s surface reduced in 15%H2-N2 for 3 h at: a 400 °C, b
500 °C, c 600 °C, and d 700 °C

bigger in diameter as temperature increase and eventually form globular lead droplets
(Fig. 3c and 3d). It can be seen from Fig. 3c and 3d that lead droplets were uniformly
formed on the surface of the pellets, which from the cross section observation (shiny
metallic layer in Fig. 2) it formed a seclusion layer on the pellets. This seclusion
was the main factor that hinder further reduction of pellet as it provided barrier for
hydrogen diffusion. The globular shape of lead droplets was a sign of non-wetting
of liquid Pb on PbO. It can also be seen from Fig. 3 that some droplets underwent
coalescence to form bigger droplets and eventually dripping down by gravity force
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Fig. 4 Macrograph of PbO.SiO2 pellets reduced by hydrogen for 3 h at different temperatures

from the pellets to the crucible underneath. It can also be seen from Fig. 3d that
the coalescence of the droplets created a new bare PbO surface which allowed the
hydrogen to meet and react with PbO. Therefore, it appeared that the overall reduc-
tion at high temperatures will be affected by the rate of coalescence and dripping
of the droplets as they directly affected the availability of PbO surface for further
reaction.

Figure 4 shows the macrograph of surface of PbO.SiO2 pellets reduced in
hydrogen for 3 h at different temperatures. It can be seen from Fig. 4 that a white
PbO.SiO2 pellet gradually turned into black as the reduction proceed, followed by
shape alteration at high temperatures. The color changing from white to brownish
and then blackish happened due to the formation of Pb metal in glass structure, in
which a similar observation was also reported by Blodgett [8]. Shape alteration on
the lead silicate pellets occurred at high temperatures was due to glass softening
nature of the materials. Initially, some part of the pellet started to become viscous,
and this resulted in that part to be drooping down into the crucible. This softening
however, not ensued the viscous part to be separated from the main pellet body. As
the softening occurred more uniformly within the body, the whole pellet started to
form a more rounded shape but bloated. This might indicate that the highly viscous
melt has a high surface tension and it tended to shape into a single big droplet to
reduce its overall surface energy.

Another phenomenon observed in the case of reduction of PbO.SiO2 pellet was
thatmanybubbleswere observed to form in the interior of the pelletwhich contributed
to its bloated shape. Figure 5 (bottom) shows the appearance of the cross section of
the bloated samples, showing the presence of bubbles of different size. The coalesced
big bubbles on the top of the sample created a dome shape and appeared to be stuck
inside the sample and could not break up the thin top layer of the sample. Figure 5
(top) shows the SEM images of microstructure of the cross section as well as the
inside surface of the bubble/dome on the top. At higher magnification (Fig. 5 top
left), micro-lead droplets were observed under the bubbly dome, near the sample’s
top surface. At the center of the samples (Fig. 5 top right), there appears to be
unreduced melt. This might indicate that for samples reduced above softening point,
the reductionmainly happenednear the surface of samples and further reduction in the
interior/center of the sample was halted due to the presence of these bubbles. When
softening phenomena happened and silicate network become viscous, formation of
bubbles has been reported in glassmaking literaturewhich is attributed to the presence
of impurities and entrapment of air. It may be that a similar mechanism occurred in
the current sample. Some of the gas (15%H2 and N2) was initially entrapped in the
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Fig. 5 Detailed cross section observation under SEM of PbO.SiO2 sample reduced at 700 °C for
2 h

sample. At the beginning, this entrapped gas still allowed for reduction to occur in
the interior of the sample. However, once the hydrogen was consumed and H2O
was generated, the entrapped gas/bubble was no longer reducing. Also, the trapped
bubbles provided a barrier for hydrogen to diffuse into the center of the sample and
resulted in unreduced PbO.SiO2 in the center.

General Chemical Reaction and Mechanism

Lead reduction from PbO follows the reaction shown in Eq. 1, where lead monoxide
is reduced into lead (solid or liquid) and also results in water vapor. There is no inter-
mediate product expected as reported by previous study. It was previously postulated
that PbO reduction resulted in a Pb2O intermediate. However, this was confirmed
later to be just a mixture of Pb metal with unreduced PbO [7] which is known as
‘grey PbO’ or ‘leady oxide’ [13].

PbO(s) + H2(g) → Pb(s,l) + H2O(g) (1)

PbO(s,l) + H2(g) → Pb(s,l) + H2O(g) (2)
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Equation 2 shows a generic reaction of PbO.SiO2 reduction by hydrogen and in
this case (PbO) represents the PbO in the solution slag/glass. The presence of PbO in
the glass/slag is characterized based on the bonding it makes with silicate tetrahedra.
The role and effect of PbO on the silicate structure depend on their concentration
in the melt. It has been reported by Kannunikova et al. [14] and Kacem et al. [15]
that PbO acts as network modifier of silicate network. The current PbO.SiO2 mixture
contained 70wt% PbO which is equal to ~40 mol% PbO. It was expected that the
PbO would act as network modifier in the sample. The reduction in PbO.SiO2 would
involve a bonding alteration between PbO and silicate network and might follow a
sequence presented in Eq. 3.

(Pbmodifier − O) → (Pb − O)ion → Pb0 (3)

The generic reduction mechanism that happened to PbO pellet during reduction
is presented in Fig. 6. PbO samples reduced at lower temperature involved a grey
lead oxide formation. The existence of unreduced PbO in the grey lead oxide gave
the pellet a ‘diffusible’ structure that allows the hydrogen to further reduce the PbO
in the interior of the pellet. Meanwhile, PbO samples that were reduced at higher
temperatures experienced a rapid reduction on the surface which created dense lead
droplets covering the surface which eventually hindered the diffusion of hydrogen.
Further reduction would depend on the rate of droplets coalescence and rate of lead
dripping which can create a fresh PbO surface.

Figure 7 shows a generic mechanism of PbO.SiO2 reduction by hydrogen. There
are two distinct reduction based on the lead silicate glass softening point. Samples
thatwere reduced below the softening point undergone a hydrogen reduction from the
surface through into the center of pellet. The reduction resulted in the Pb formation
within glass which eventually turned the raw white pellet into black pellet. In this
case, no change in shapewas observed. The samples thatwere reduced above the glass
softening point undergone a softening phenomenon which resulted in a shape change
and formation of viscous dome structure with many bubbles entrapped inside the
sample. This viscous silicate glass trapped initially trapped the gas within the furnace
chamber as well as the generated H2O from the reaction in the interior of the sample.

Fig. 6 An illustration of the cross section and surface appearance of PbO pellet after reduced with
hydrogen
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Fig. 7 An illustration of PbO.SiO2 pellet reduction mechanism by hydrogen

The accumulation of bubbles within softened glassy sample provided a buoyancy
effect. Meanwhile, a hydrogen reduction happened on the top surface of viscous
sample that resulting on a blackish color. The reduction process was supported by
the presence of lead micro-droplets under the blackish dome in the interior as shown
in Fig. 5. The bloated structure, however, hindered hydrogen diffusion that causing
the center of the sample unreduced.

Conclusions

A study of reduction of PbO and PbO.SiO2 pellets by hydrogen at temperatures from
350 °C to 800 °C has been carried out. The focus of the study was on the observation
of macrostructure and microstructure evolution during the reduction process. In both
cases, the reduction appeared to be limited by diffusion process. In the case of
experiment with PbO pellets, at low temperatures (< 500 °C) the microstructure
evolution allowed the hydrogen to diffuse through to the interior of the sample,
hence further reduction could occur. At high temperatures (> 500 °C), a formation of
dense lead droplets covering the whole surface was observed. This provided a barrier
for hydrogen diffusion and appeared to significantly affect the reduction process.
Further reduction would be dependent on the rate of lead droplets coalescence and
dripping which provides fresh PbO surface. The reduction of PbO.SiO2 pellet also
involved two distinct mechanisms. Below the softening temperature (~600 °C), the
reduction appeared to continue and no significant change in the pellet shape was
observed. Above 600 °C, a viscous sample containing many bubbles was formed,
hence resulting in bloated samples. The entrapped bubbles inside the sample provided
a barrier for hydrogen diffusion, hence halting further reduction. Limited reduction,
evidenced by micro-lead droplets formation, appeared to occur on the top surface of
the sample.
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Selective Separation and Recovery
of Titanium from Titanium Alloy
Grinding Scrap Via the Electrostatic
Separation-Oxidative Roasting-Acid
Leaching Process

Xianglin Cheng, Shangfeng Xu, Zijian Su, and Yuanbo Zhang

Abstract Titanium alloy grinding scraps (TAGS) have a production of 30 thousand
tons annually. They contain large titanium resources as by-product from the titanium
alloy machining process. TAGS cannot be sent back directly to the vacuum smelting
process due to its high-content of impurities such as the grinding wheel ash and tita-
nium oxides. In this study, a process of Electrostatic Separation-Oxidative Roasting-
Acid Leaching was applied to separate and recover titanium from TAGS. The results
indicate that 76.61% titanium could be recovered during electrostatic separation
process under the optimal conditions. The final product of TAGS containing 91.44%
titanium dioxidewas obtained after optimized physical separation, oxidative roasting
followed by hydrochloric acid leaching process. The product meets the requirements
for feed raw materials required to prepare the industrial titanium dioxide. It was
found that aluminum was the major impurity in the titanium-based product in the
form of corundum.

Keywords Titanium · Grinding scrap · Electrostatic separation · Selective leaching

Introduction

Titanium alloys are widely used at the cutting edge of national defense and chemical
industry due to material properties such as high strength, superior biocompatibility,
and chemical corrosion resistance. In China, the output of titanium alloy reached
only about 136 thousand tons in 2021. The reason for limitations on its large-scale
applications is the high production costs due to high scraping rates during casting
and difficulties machining the metal. The loss during the casting process was in the
range of 40–60%, [1] which creates 140 thousand tons of the titanium alloy scrap
annually.
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The grinding process uses the grinding wheel to remove the surface defects and
oxide layers of the titanium alloy, which was a type of machining, which was distin-
guished fromother types ofmachiningwhich changed the shape of the alloy. Titanium
alloy grinding scraps (TAGS) with annual output more than 30 thousand tons were
a typical by-product from the titanium alloy grinding process.

Currently, superior titaniumalloy scraps are sent back to the vacuumsmelting after
simple cleaning and grading, whereas inferior titanium alloy scraps are utilized as an
additive in steel industry [2].Distinguished fromother scraps, TAGSwere regarded as
solid waste and disposed as the garbage due to its high-content impurities such as the
grinding wheel ash and oxide layer. However, TAGS contains a significant titanium
resource and plenty of grinding wheel ash which is considered as a high-quality
secondary resource.

Researchers focus on the development of the molten salt electrolysis of the direct
reduction of high-quality titanium alloy scraps [3], as well as the influence of the
grinding wheel on the surface of titanium alloymaterials [4]. However, little research
is conducted on the grinding process of titanium alloys and there are few reports on
the reutilization of the generated TAGS.

The discrepancy in magnetism and density among the TAGS components was
not obvious, but huge in electrical properties and acid resistance according to the
research of the characteristics of grinding scraps.Basedon the studyof the recovery of
copper from the wasted printed wiring boards [5] and the high temperature oxidation
characteristics of titanium alloy [6], a process route was proposed.

In this study, representative TAGS was served as raw materials, and the process
of Electrostatic Separation-Oxidative Roasting-Hydrochloric Acid Leaching was
applied to separate and recover titanium, which provides new ideas for the resource
recovery and utilization of the TAGS.

Experimental

Materials

TAGS used in this study was derived from Baoji, Shaanxi Province of China. After
sieving,TAGSaccounted for 19% in the particle size rangeof 400–850microns, about
36% in the 150–400 microns, 95–150 microns accounted for 29%, and less than 95
microns accounted for 16%.The ICP-AESassay showed that the content of Ti,Al, Fe,
Ca,Mg, and Si was 18.36%, 14.63%, 8.83%, 6.04%, 5.03%, and 3.12%, respectively.
The electrostatic separator comes from Changsha research institute of mining and
metallurgy (model: YD 32,190-23 N), which is mainly used for the sorting of rutile
and zircon placer minerals. The processing capacity of the electrostatic separator is
3–5 tons per hour, and the power of the machine is 30 kilowatts. The hydrochloric
acid was analytical reagent (AR) grade. The analytical assay solutions were prepared
using ultrapure water for the experiments.
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Fig. 1 TAGS experimental procedure

Methods

Experimental Procedure

The TAGS should be processed through a series of operation in order to get the final
products. The experimental flowsheet is shown in Fig. 1.

First, the TAGS was screened to suitable size and dried to proper moisture. Then,
TAGSwas separated by the electrostatic separator. After that, the electrostatic separa-
tion concentrate was subjected to oxidative roasting. Finally, the roasted concentrate
was grinded and sent to the leaching process.

Characterization

The phase of the sample was analyzed by X-ray diffraction (XRD, D/Max 2500,
RIGAKU, Japan) under the conditions of radiation: Cu Kα, tube current and voltage:
250 mA, 40 kV, scanning range: 10–80°/2θ, step size: 0.02°/2θ, and scanning speed:
5°/min. Element content of solid material dissolved in solution and tested by using
a plasma emission spectrometer (ICP-AES, Icap7400 Radial, Thermo Fisher Scien-
tific, USA). Topographic analysis was examined by scanning electron microscope
(SEM–EDS, JSM-6490LV, JEOL, Japan).

Assessment indexes

Yields and recovery rate of concentrate were used to evaluate the electrostatic sepa-
ration process. Yield of concentrate was calculated according to Eq. (1). Recovery
rate of concentrate was calculated according to Eq. (2). Leaching ratios of Ti were
used to evaluate the leaching process. It is calculated according to Eq. (3).

Y(M) = (M1/ M0) × 100% (1)
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R(M) = (α1/α2) × Y(M) (2)

L(M) = (c × V)/(α3 ×m) × 100% (3)

Y(M) represents the Yield of concentrate, %; M1 is electrostatic separation
concentrate weight, g; M0 is raw grinding scrap weight, g; where R(M) represents
the recovery rates of titanium, %; α1 is titanium content of concentrate, wt. %; and α2

is titanium content of raw grinding scrap, wt.%; where L(M) represents the leaching
ratio of element, %; c is the content of element in lixivium, g/L; V is the lixivium
volume, L; α3 is the content of element of the Concentrate after oxidative roasting and
grinding, wt.%; and m is the mass of treated samples participating in the reaction, g.

Results and Discussion

Effect of Electrostatic Separation Parameters
on the Separation and Recovery of TAGS

Through preliminary experimental exploration, the rough experimental conditions
were determined. The following will explore the influence in detail of various elec-
trostatic separation parameters upon the enrichment of titanium from TAGS. The
yield, titanium recovery rate, and titanium content of the concentrate have posi-
tive or negative correlation, which was all taken as the criteria for evaluating the
separation effect.

Figure 2a showed that with the increase of electrostatic separation voltage from
15 to 21 kV, the titanium content increased sharply, the yield decreased gradually,
and the ti recovery rate raised slightly. In the case of a certain recovery rate, the
higher the concentrated titanium content, the lower the yield. When the electrostatic
separation voltage reached 21 kV, the titanium content of the concentrate reached
the maximum value of 25.41 wt.% and the yield reached the minimum of 62.1%.
When the voltage increased, the yield rose but other metrics decreased significantly
instead. This increase in the electrification voltage led to increase in non-conductive
substances, which report to decreasing the purity of the concentrate. Therefore, the
optimal electrostatic separation voltage was selected as 21 kV.

It could be observed from Fig. 2b that the feed granularity of TAGS had great
influence on the electrostatic separation effect. The titanium purity increased as the
particle size decreased, but the yield declined. The recovery rate increased slowly
while granularity increased from 150 to 400 microns, with the highest recovery
rate reaching 98.87%. Under the conditions, titanium content had been improved to
25.28%, which meant that electrostatic separation was most suitable for TAGS in
this granularity. Then, the recovery rate decreased rapidly but the titanium purity
increased, which reason was large particles of electrically conductive substances



Selective Separation and Recovery of Titanium from Titanium Alloy … 203

Fig. 2 Effect of electrostatic separation parameters on enrichment of titanium from TAGS

were selected into concentrate while smaller particles were difficult to be sorted out.
Combining the results of titanium purity and yield, granularity was the important
selection parameter from process optimization. The optimal feed granularity was
controlled between 150 and 400 microns. Considering the original granularity and
resource recovery, the experiment feed granularity was under 850 microns.

It is shown in Fig. 2c that the titanium content of the concentrate increased when
the roller rotation speed was decreased. Generally speaking, the faster the roller
speed, the more the TAGS processed. When the optimal rotation speed is reached,
the recovery rate and the titanium content were basically constant which owing to
the conductivity of the conductor substances was basically unchanged in the electric
field of the electrostatic separation. When the rotation speed dropped to 60 rpm,
the recovery rate significantly decreased and the titanium purity did not change
significantly. Optimum condition was the rotation speed between 80 and 120 rpm
and using the previous concentrate to repeat the electrostatic separation.

Figure 2d showed the repeated electrostatic separation experiment with the above
optimal conditions. With the increase of the number of electric selection and the
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decrease of the roller speed, the titanium content in the concentrate increased rapidly,
and the recovery rate decreased slowly. After three times electrical separations, the
titanium content of the concentrate increased from 22.78wt.% to 45.86wt.%, and
the comprehensive recovery rate of titanium was 76.6%, which had a great effect of
separating impurities and enriched titanium elements for TAGS.

Figure 3a showed the typical backscattered electron image of electrostatic sepa-
ration concentrate. Figure 3b represented spot scan of X-ray energy dispersive spec-
trometer (EDS) analysis of the concentrate surface. Figure 3c was EDS-mapping
of specific elements. Spot 1 represented the titanium-aluminum alloy that had been
removed by grinding machining. Spot 2 represents that the titanium-aluminum alloy
has been partially oxidized. Combining spot 1 and spot 2, the surface of TAGS was
smooth, which was conspicuous in the image. Obviously, there are still many other
impurities in the concentrate. The main elements in the area where spot 3 and spot
4 are located were calcium magnesium iron and silicon. The substance represented
by this area originated from the wear of the grinding wheel during the grinding
process, which was the major impurities on concentrate. Point 6 represented magne-
sium–aluminum spinel while point 5 was iron-chromium alloy attached to spinel.
Conventional physical methods cannot meet the requirements for further enrich-
ment of titanium purity. According to the document [7], titanium alloys and high
valence titanium oxide have the characteristics of acid corrosion resistance, so the
acid leaching method was selected to further remove impurities.

Fig. 3 EDS image of electrostatic separation concentrate
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Analysis of the Acid Leaching of Concentrate and Pretreated
Concentrate

The pretreatment process before leaching was to roast the concentrate at 950 °C for
4 h under air atmosphere on the box muffle furnace and then use the agate grinder
to grind the sample by hand for 30 min. The leaching conditions were as follows:
the molar concentration of hydrochloric acid was 6 mol/L, the liquid–solid ratio was
10 mL/g, the leaching temperature was 60 °C, and the time was 4 h.

Figure 4 showed that the main phase composition of the concentrate after oxida-
tive roasting is the rutile and corundum. According to Fig. 3, there were plenty of
impurities in the concentrate. The reason why the phase diffraction peaks of other
impurity elements could not be found may be that the high temperature oxidized the
surface of titanium-aluminum alloy into dense rutile and corundum structures, which
caused a volume expansion and encapsulated other impurities. The other reason the
main diffraction peak intensity of the rutile and corundum phase was large enough
to mask the weak diffraction peaks of other impurities. Acid leaching increased
the diffraction peak intensity of the main phase of the concentrate after oxidative
roasting.

In order to more intuitively analyzing the leaching process and clearly comparing
the leaching effects of concentrate and pretreated concentrate in hydrochloric acid
system, the leaching rate of main element after leaching is shown in Table 1. The
EDS-mapping of specific elements of the concentrate after acid leaching and the
pretreatment concentrate are shown in Fig. 5.

It can be observed from Table 1 that the hydrochloric acid leaching decreased
calciumand iron impurities in the concentrate. This also had affected themagnesium–
aluminum spinel phase. However, about 24.8% of the titanium element was brought
into the solution system when leaching impurities, which removes valuable titanium
resources. Combined with Figs. 3c. and 5a, it can be found that part of the surface

Fig. 4 XRD pattern of
roasted concentrate and
pretreated concentrate after
acid leaching
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Table 1 The leaching rate of main element in two samples

Main element Leaching rate of concentrate (%) Leaching rate of pretreated concentrate
(%)

Titanium 24.86 2.66

Iron 86.44 99.43

Aluminum 31.75 19.41

Magnesium 66.31 98.38

Calcium 99.39 99.87

Fig. 5 a EDS image of concentrate after acid leaching. b EDS image of pretreated concentrate
after acid leaching

of the ground titanium alloy had disappeared which indicated that the leaching of
titanium mainly depends on the dissolution of the suboxide layer on the surface
of the titanium aluminum alloy. Aluminum mainly exists in the form of titanium-
aluminum alloy and magnesium–aluminum spinel. Under the acid leaching system,
small amounts of sub-oxides of titanium-aluminum alloy dissolve. The incomplete
dissolution ofmagnesium–aluminum spinel was the concentrate had not been ground
and the particle size was coarser.

It can be seen from Table 1 that compared with the untreated concentrate, the
concentrate after oxidative roasting and grinding pretreatment increased impurity
removal andmaximized titaniumpurity. The removal rate of impurities iron, calcium,
and magnesium were above 98%. The higher leaching rate of magnesium may be
due to the selective particle size reduction by grinding which increased magnesium
leaching yield. Figure 5b shows that the pretreated concentrate after acid leaching had
already removed most impurities. The bulk agglomerate structure formed in Fig. 5b
confirmed the assumption in Fig. 4 that the leaching rate of titanium decreased
because the low-valent superficial titanium oxides oxidize to dense rutile due to the
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high temperature, which lead to superior acid corrosion resistance during leaching.
After chemical analysis, it was found that the final products contained 91.44% tita-
nium (IV) dioxide after oxidative roasting followed by hydrochloric acid leaching
process. This product meets the requirements of a raw material to produce industrial
titanium dioxide. The aluminum is mainly in the form of corundum which combines
with titanium to decrease leachability.

Conclusions

1. The optimal conditions of the electrostatic separation were obtained as follows:
The electrostatic separation voltage was selected as 21 kV. Feed granularity was
controlled between 150 and 400 microns. The rotation speed was held between
80 and 120 rpm. Considering the original granularity and resource recovery,
the experiment feed granularity was under 850 microns and using the previous
concentrate to repeat the electrostatic separation. After three electrical sepa-
rations, the titanium content of the concentrate increased from 22.78wt.% to
45.86wt.%, with 76.61% comprehensive recovery rate. Through the analysis of
processmineralogy of concentrate, it was found that titanium and aluminumwere
closely combined in the form of titanium-aluminum alloy. The main impurities
in the concentrate were the grinding wheel ash and magnesia-aluminum spinel.

2. The acid leaching results showed that the selective impurity leaching rates iron,
calcium, and magnesium on the pretreated concentrate were all more than 98%.
The leaching loss of titanium was only 2.66% which was less than untreated
concentrate. The products obtained by chemical analysis contained 91.44% tita-
nium dioxide, which met the requirements of raw materials to prepare the indus-
trial titanium dioxide. The aluminum as corundum had resistance to acid—which
caused the impurity leaching rates. Future work is to prevent the oxidation of
aluminum into corundum by selective oxidation, then further leaching out the
aluminum to produce a raw material with a higher titanium content.
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Investigation of Heavy Metal Levels
in Tin Mine Wastes and the Implication
to Mine Closure Plan: A Case Study
of Rutongo Mine, Rwanda

Jean Claude Ishimwe, Abubakary Salama, and Kenneth Sichone

Abstract Rwanda has not experienced any mine closure since mining operations
started in the 1930s. To date, there is no information on good practice mine closure
procedures despite the presence of old mining operations. Therefore, this study is the
first of its kind to scrutinise the closure plan forRutongo, a tinmine that has existed for
over 80 years and is approaching itsmine life. The study seeks to quantify heavymetal
levels in mine wastes and suggests a closure plan for waste rock dumps (WRDs) and
tailings storage facility (TSF) so as to reduce contamination effects during and after
cessation of operations. Geochemical characterization using X-Ray Fluorescence
(XRF) and Inductive-Coupled PlasmaMass Spectroscopy (ICP-MS) was conducted.
Results indicated the presence of pyrite and arsenopyrite, the deleterious elemental
concentration ranging from 120mg/kg to 710mg/kgAs, 10.32mg/kg to 22.35mg/kg
Co, and 8.6 mg/kg to 128 mg/kg Cr. When these results are benchmarked against
various soil quality standards, it is evident that the mine wastes are contaminated by
As and a critical concentration of Cr and Co. A mine closure plan with remediation
and containment strategies for bio-accumulation of As, Cr, and Co and use of covers
that have a capillary barrier tominimisewater percolation, and a top soil that supports
vegetation backed by hyper-accumulators was recommended.
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Introduction

The problem of deleterious elements, particularly heavy metals in the earth’s ecosys-
tems, is a global concern [16]. Heavy metals have been studied for their toxicity,
mobilisation, and impacts on people’s lives. Investigations into heavy metals in soil
facilitate quantification of their occurrence and interaction with the environment [6].
Heavy metals occur naturally in the earth’s crust; however, at high concentrations
they can be intolerable for ecosystems [27].

The deleterious effect of heavymetals is their inherent toxicity, bio-accumulation,
and persistence in the environment [2]. Use of heavy metal-contaminated waters
has been associated with raised distress and death rates worldwide [34]. Elevated
heavy metal levels have hindered usage of some agricultural practices and products;
rice, tomatoes, and potatoes have been classified unsuitable for human consumption
[7, 14].

Areas geologically disturbed by mineral exploitation activities such as mining
and processing are the drivers of heavy metal contamination [21] due to the huge
quantities associated effluents and their high susceptibility to mobilisation of heavy
metals [13]. For instance, arsenic from abandoned mine workings and waste rock
dumps is the foremost source of water contamination in South Africa [1, 22]. In
the UK, heavy metals emanating from abandoned mines have contaminated surface
waters and it is the leading pollution threat [12]. The highly contaminated mining
region of Shangba village and villages around Dabaoshan mine in China are widely
known to have elevated cancer rates [14].

In Rwanda, mining activities are the main source water-borne pollution [23].
Heavy metal levels exceeding acceptable standards in parts of Nyabarongo river
and nearby swamps [24]. A number of the tributaries of Nyabarongo river traverse
Rutongomine workings and waste rock dumps. Surface dumping of mine wastes can
elevate heavy metal levels in the environment [20]. Since mining activities continue
contributing harmful concentrations of heavy metals even after mine life, restoring
the contaminatedmining area should be prioritised by regulators, the community, and
mining firms. Tomitigate the adverse heavymetal contamination of the environment,
mine closure plans should incorporate studies of heavy metal deportment in the
environment.

Mitigation and minimisation of heavy metals should be guided by physical and
geochemical characterisation; therefore, investigation into the deportment of heavy
metals is an essential component in mine closure planning, particularly when dealing
with mine wastes generated by metal mines. Common practice in heavy metals
investigation have concentrated on abandoned mine sites and rarely on operating
mines where much opportunity and flexibility in sustainable management of mine
wastes and closure planning might exist. Most research has been limited to the fate
of heavy metals in soils, and their mobilisation rather than the sources of heavy
metals primary including waste rock dumps, tailings storage facilities, underground
openings, and pits [5, 8, 17, 30].
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Moreno-Jiménez et al. [17] have reported Cd, Cu, and Zn concentrations above
the permissible limits in the soil and plants from a mining valley in Spain. Corales
et al. [8] reported Pb, Ni, and Cu concentrations above permissible limits in the water
near lateritic nickel ore stockpiles on Maniacani Island, and [30] reported that heavy
metals concentrations in tailings of small-scale abandoned metallic mines in South
China had adversely impacted the quality of surface water and soils downstream the
mining district.

The status of heavy metals in operating mines is rarely made public, due to confi-
dentiality policies and increased public sensitivity to environmental issues. Despite
the legacy of old workings, mine wastes dumps, and degraded landscapes from the
colonial and immediate post-independence period adjacent to or near current mining
operations, there is no information on good practice mine closure procedures in
Rwanda. Rwanda has never experienced any systematic mine closure. Therefore,
this study aims to quantify heavy metal levels in mine wastes and suggest a closure
plan for waste rock dumps (WRDs) and tailings storage facilities (TSF) to reduce
the contamination effects during and after mine life.

Study Area Description

Location

Rutongo Mine is located 10 km North of Kigali, the capital city of Rwanda. The
mine is within the vicinity of a large and mainly subsistence farming population. It
is dominated by underground hydrothermal quartz veins and some alluvial deposits.
The mining area comprises waste rock dumps and tailings in relatively small dumps
that occupy approximately 72.5 hectares in more than 13 different places (Rutongo
mines 2015).

The area is situated in a background with distinctive steep slopes originating from
the consecutive folding and erosion of the earth strata. The overall average gradient
is 25% but in some areas the average gradient exceeds 75%. There are several deep
and narrow well drained valleys that bound this array of mountains. The elevation in
the area ranges from 1391 to 2133 m (Twagiramungu et al. 2015).

Climate and Topography

Rutongo has a humid tropical climate with alternating rains and drought. The dry
season running from June to August is followed by a short rainy season from
September to November and a dry season during the months of December, January,
and February before another short rain season. Due to current global climate change,
the four seasons can probably be assumed as temporal (Twagiramungu et al. 2015).
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The temperature ranges from 17.5 °C to 24 °C while the precipitation ranges from
1061 to 1140 mm annually.

Mine Operations Overview

RutongoMine is the largest producer of tin concentrates in Rwanda, with an average
production of 100 tonnes per month of 71% Sn grade concentrates. The estimated
mine life in 2015 was 20 to 25 years [33].

The mine selectively recovers high-grade cassiterite ore manually using hand
tools; blasting is rarely used. Manual ore handling enables careful dilution control
required in the shrinkage stoping method by selectively extracting the ore while
leaving the waste rock in place. While hand-sorting tools may be time-consuming, it
reduces the amount of waste exposed outside the mine and dilution. The remaining
lower-grade ore is beneficiated using a gravity concentration processing plant at the
site.

Mine sites far from the mineral processing plant produce hand-sorted high-grade
cassiterite that does not need further beneficiation. However, host rocks, sands, and
fines with the mineral of interest are processed on-site using alternative traditional
methods, including sluicing and panning. The wastes at these sites tend to be enor-
mous, and both tailings and waste rocks are deposited in the same place. The waste
rocks are sourced from underground openings and dumped together with sluicing
wastes.

Since the mine is in a traditionally agricultural region and in alignment with
the government’s development goals and Maslow’s hierarchy of human needs for a
developing country as applied to land use drivers [10], it is anticipated that the post-
mining land use for the Rutongo mining area would be agriculture and forestry. The
closure objectives of Rutongo should return waste rock dumps and tailings storage
facilities into areas that can support vegetation.

Materials and Methods

The study materials were waste rock samples taken from Nyamyumba, Gasambya,
and Sanzari mine sites and tailings samples taken from Gasambya process plant
tailings storage facility (Fig. 1). Ten 40 kg-lots were collected from waste rock
dumps and another three 40 kg-samples from the tailings storage facility using a
pick. The samples were kept in clean cotton bags and transported to Rutongo mine
office for further preparation and analysis.

Before analysis, the samples were left to dry naturally for 3 days, to facilitate
sieving. The 40 kg of waste rocks or tailings were coned and quartered to obtain
three samples of 1000 g and two samples of 250 g from each 40 kg lot for sieve
analysis and chemical analysis, respectively.
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Fig. 1 Main locations of mine wastes at Rutongo mine, Rwanda

To assess the potential for heavy metals mobilisation and reactivity of the mate-
rials studied, their hydraulic conductivity was determined based on particle size
analysis. Hydraulic conductivities were computed using the Terzaghi model Hydro-
geoSieveXL [9]. The concentration of heavy metals in waste rocks and tailings was
done using XRF and ICP-MS. Samples to be analysed using XRF were pulverised
into powder using a miller machine, model: RS 200, manufactured by Retsch.

Six confirmatory samples were also analysed at another laboratory where the
sampleswere air-dried and screened on a 10mesh (<2mm), quartered, and pulverised
before being passed through an 80 mesh (<180 µm) sieve. To determine the low
concentrations of heavy metals, 6 ml of HCl and 2 ml of HNO3 were added to
0.5 g of the sample. The mixture was heated to 150 °C while being stirred for 1 h.
The solution was diluted with 10 ml of distilled water before being introduced into
ICP-MS for heavy metals analysis.

The analysis results were compared with maximum acceptable heavy metals
concentration in soil quality standards of different countries (Table 1).
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Table 1 Comparison of the regulatory standard of heavy metals in soil in different countries

Elements Tanzania South Africa WHO India China Australia

Sn – – – – – 34*

Fe – – – – – 20,000–50,000**

Ti – – – – – 4400***

V – 150 – – – –

Cr 100 6.5–46,000 100 – 150–300 50

Mn 1800 740 – –

Co – 300 – – – 0.2–0.5****

Cu 200 16 30 135–270 50–200 100

Zn 150 240 300 300–600 200–300 200

As 1 5.8 – – 20–40 20

Pb 200 20 100 250–500 80 300

Cd 1 7.5 3 3–6 0.3–0.6 3

Hg 2 1 – – 0.3–1 1

Source [3] S. A, 2013 [4] [25] [3] [3]

1. Tanzania: Maximum permissible limits of contaminants in habitat and agricultural soils
2. South Africa: Average soil quality standards that are defensive of both human health and eco-
toxicological risk formulti- exposure pathways, inclusive of pollutant relocation to thewater reserve
3. WHO: The maximum threshold heavy metal concentration in soil
4. India: Guideline for safe limits of heavy metals, Indian Standard
5. China: Regulatory standards of heavy metals in agricultural soils
6. Australia: Regulatory standards of heavy metals in agricultural soils
*Adapted from [28] as maximal permissible addition of heavy metals and metalloids by the data of
Dutch and Ecologists
** Adapted from [26] as general concentration of Iron in soils
*** Global average concentration of Titanium in soils adapted from [31]
**** Tolerable limit of Co in soil for the growth of plant [15]

Results and Discussion

Particle Size Distribution Curves of Waste Rocks and Tailings

The particle size distribution shows that both waste rocks and tailings are domi-
nated by gravels with an average cumulative percentage retained on a 4.75 mm
sieve of 58.99 ± 7.96, for new waste rocks, 70.96 ± 8.39 for old waste rocks, and
52.26 ± 9.17 for tailings. Based on the Terzaghi model, the hydraulic conductivity
of waste rocks ranged from 1.5 × 10–5 cm/s to 9.33 × 10–1 cm/s as against 9 ×
10–5 cm/s to 3.6 × 10–4 cm/s for tailings. As both waste rocks and tailings samples
contain a large proportion of gravel (>50%), and fewer fines, they would tend to
have higher hydraulic conductivities. The high hydraulic conductivity characteristic
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of gravel-dominated wastes is less likely to attain natural restoration as no vegeta-
tion would be sustained by pebbles-dominated waste rocks despite extended years
without disturbance.

High hydraulic conductivities which are associated with higher gravel content
(>50%) and less silt are expected to reduce the water holding capacity and nutrient
content of the areas occupied by the waste materials. Adding a soil layer with lesser
quantities of gravel on top of waste rocks and tailings can enhance the potential for
waste rocks and tailings areas to restore and regain the previous soil properties.More-
over, the higher hydraulic conductivity of waste rocks and tailings can enhance heavy
metal migration and percolation to the surrounding areas. Heavy metals mobilisa-
tion chemical reactions from waste rocks and tailings include oxidation reactions
of pyrite and arsenopyrite. Sulphide minerals are prone to substitution reactions
involving different trace metals [29]. The overall oxidation reaction of pyrite is as
follows:

FeS2 + 15

4
O2 + 7

2
H2O = Fe(OH)3 + 2H2SO4 (1)

High hydraulic conductivities facilitate the sulphides oxidation reactions by
allowing water movement within the waste rocks and tailings while also exposing
more waste rocks and tailings to oxygen. Heavy metals are highly mobile in the
acidic environment created by the 2mol released by sulphuric acid in Eq. 1. A closure
plan for WRDs and TSF that deals with higher hydraulic conductivity and gravel-
dominated materials needs greater effort to cover design to limit exposure to the
atmosphere, provide desirable substrate layer, and containment barriers to prohibit
further metal-leaching.

Elemental Composition Using XRF

The results show variations in elemental concentration among the waste rocks from
different WRDs. This could be attributed to lithological variations arising
from geological profile and depth of operations during mining (Fig. 2). The litho-
logical variation is also evident within tailings samples taken from the same TSF
(Fig. 3).

The average Sn in new waste rocks, old waste rocks, and tailings were 266 ±
161.0mg/kg, 162± 77.6mg/kg, and 66.6± 11.5mg/kg, respectively. TheSn concen-
tration in tailings generated by the mineral processing plant was lower compared to
waste rocks and sluiced materials, implying that high recoveries enhance economies
of the mine and reduce the environmental burden. Waste rocks from current oper-
ations are high in tin; therefore, containment of the wastes and a closure plan that
mitigates the risks of mobilisation is necessary.

Fe content in old waste rocks was seven to eleven times higher than current
(Table 2), arising probably due to lithological variations. Old waste rocks came from
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Fig. 3 Elemental composition of sample of tailings measured by XRF

the surface and shallowdepthwhile currentwaste rocks originated fromdeeper zones.
The higher concentrations of iron in tailings are probably due to the presence of pyrite
and arsenopyrite in the cassiterite ore, alluvial from surrounding hills, and eroded
waste rocks. The measured concentrations of Fe in all samples were within the
characteristic concentration range of Fe (0.2% to 55%) in soils. Therefore, Fe is not
a major concern in mine closure provided oxidation reactions of Fe are contained.
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Table 2 Elemental composition of mine wastes measured by XRF in mg/kg

Sample Sn Fe Ti V Cr Zn As Pb

NY-WRD-F-02 530 12,540 1,430 < LOD < LOD < LOD 220 < LOD

NY-WRD-F-03 180 12,180 4,860 120 80 20 120 20

NY-WRD-F-04 160 21,070 4,650 < LOD 70 30 710 20

NY-WRD-F-05 150 17,000 2,450 < LOD < LOD < LOD 240 < LOD

NY-WRD-O-06 300 88,590 2,770 170 60 20 420 < LOD

NY-WRD-O-07 120 72,610 4,040 180 < LOD < LOD 320 < LOD

NY-WRD-O-08 120 145,010 2,790 230 11 < LOD 410 < LOD

GA-WRD-O-09 130 114,380 2,550 230 90 < LOD 520 10

GA-WRD-O-10 140 91,200 2,580 100 < LOD < LOD 480 < LOD

GA-WRD-F-11 310 9,190 570 < LOD < LOD < LOD 230 < LOD

GA-TSF-12 80 91,200 2,850 140 110 30 340 10

GA-TSF-13 60 78,320 4,450 160 100 20 250 < LOD

GA-TSF-14 60 134,250 3,070 170 130 30 320 20

Fe from pyrite and arsenopyrite can trigger acid mine drainage through oxidation
reactions in aqueous media. Based on the typical mineralogical composition of tail-
ings [18], the arsenopyrite is less than 1%. Considering the mineralogical compo-
sition, the net acid producing potential estimator (ABATES v.1.4), the maximum
net acid produced would be 6.02 kg H2SO4 per tonne material. The mine closure
plan has to attain to the intended land use. Mine drainage preventive measures are
the best available techniques to be considered first during mine closure planning,
particularly where the future land use is agriculture. Therefore, the acid producing
and non-acid producing waste rocks and tailings should be identified and managed
accordingly; appropriate covers normally limit oxidation by limiting water/oxygen
ingress into the facilities. Thick covers are normally applied when high risks of acid
mine drainage are likely.

Arsenic concentration of the tailings and waste rocks varied between 120 and
710 mg/kg, which exceeds allowable maximum concentration by Tanzania, South
Africa, China, and Australia standards. Arsenic in the ore exists as pyrite and
arsenopyrite. The minerals are assumed to have originated in the reducing conditions
of the earth. When oxidised, the sulphide minerals produce sulphuric acid which can
potentially release arsenic and other heavy metals into the surroundings thereby
polluting soil, surface, and groundwater resources [11]. An effective mine closure
plan needs to evaluate physical and chemical methods of removing as from waste
rocks and tailings. Deemed as the most socially acceptable method and currently
industry best heavy metal remediation practice is phytoremediation [19, 32].
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Elemental Composition Using ICP-MS

Combining XRF and ICP-MS analyses enabled measurement of deleterious metals
at low levels. Figure 4 shows the concentrations of Mn, V, Cr, Co, As, Cd, Pb, and
Hg in 6 samples.

Cr of tailings varied from 8.6 to 128 mg/kg which was below maximum permis-
sible values by Tanzania and WHO soil standards. The GA-TSF-13 sample was
slightly higher than the maximum allowable concentration limit. All measured
concentrations were below the maximum permissible values stipulated in soil
standards of China. The materials studied contained critical concentrations of
Cr with potential to migrate and contaminate humans, plants, animals, and water
bodies. The containment and remediation strategies of Cr should be incorporated
into the mine closure plan to mitigate the risk of contaminating the environment.

The average Co concentration of all 6 samples tested using ICP-MS was
22.35 mg/kg ± 12.03 mg/kg which was below the maximum limit of South Africa
Standards. However, the tolerable limit of Co in soil for the growth of plants ranges
from 0.2 mg/kg to 0.5 mg/kg [15]. The closure of WRDs and TSF should therefore
ensure the containment and remediation of Co in waste rocks and tailings.
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Conclusions

The main objective of this research was to determine the closure plan for Rutongo
mine wastes in relation to heavy metals in waste rock dumps (WRDs) and tailings
storage facilities (TSFs), to reduce the contamination effects during and after mine
life. The following were the main findings of the research:

• The physical characterisation showed that waste rocks and tailings are dominated
by gravels with an average cumulative percentage retained materials at 4.75 mm
aperture sieve of 58.99% for fresh waste rocks, 70.96% for old waste rocks,
and 52.26 for tailings. Therefore, a cover layer is required to provide a substrate
capable of supporting vegetation and growth after mine closure.

• The higher hydraulic conductivity of waste rocks and tailings predicted using the
Terzaghi model indicate that mine wastes are unsuitable for use as a future sealing
material and are unlikely to support vegetation; hence, an additional soil cover
would be required.

• Due to the typically high levels of As, Co, and Cr (ranging from 120 mg/kg to
710 mg/kg, 10.32 mg/kg to 22.35 mg/kg, and 8.6 mg/kg to 128 mg/kg, respec-
tively) when benchmarked against various soil quality standards. Themine wastes
would need to be profiled, and contained with a cover that is able to limit their
migration.

• The revegetation might occur after providing soil cover.

The waste rocks and tailings are contaminated with As, Cr, and Co; hence, a
comprehensive mine closure plan to attain to the future land use should include
remediation and effective containment strategies to mitigate for bio-accumulation
of the three heavy metals. Mn, V, Pb, Cd, Hg, and Zn concentrations have minimal
impact on mine closure planning as they were within acceptable limits of soil quality
standards. Future WRDs and TSF should be located in areas with minimal risks of
erosion and avoiding waste rocks-dumping near water sources and channels.

Mine closure has to ensure physical, biological, and chemical stability of the
mine wastes. Heavy metal levels in excess of the acceptable limits and/ or back-
ground values indicate a failure to accomplish acceptable standards of heavy metals
in soils and consequently pose a risk to agricultural soils. Elevated heavymetal levels
can result in additional work during mine closure such as thickening of covers, addi-
tion of barricades around the facilities, and additional drainage requirements to meet
agreed land use. The study recommends using covers backed by hyper-accumulators
as a method of closing WRDs and TSF. The covers should have a capillary barrier
that minimises water percolation and a top soil that supports vegetation. The recom-
mended technique can potentially contain and remove heavy metals in WRDs and
TSF and enhance revegetation after closure.
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Processing of Luanshya Copper Smelting
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Yaki Chiyokoma Namiluko, Yotamu Rainford Stephen Hara, Agabu Shane,
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Abstract Copper smelting slag from Luanshya of the Copperbelt province of
Zambia with about 2 weight% copper, 0.2 weight % cobalt, 0.8 weight % chromium,
6 weight% sulphur, and 18 weight% iron, the remainder being silica, aluminium,
calcium, and magnesium oxides, was processed. Sulphur is mostly present in
elemental form. The presence of sulphur and chromium makes this slag an envi-
ronmental hazard. Mineralogical examination showed that chromium and cobalt
are predominantly present in chromite and complex fayalite phases, respectively.
However, copper is mainly present in the sulphide or matte form. Copper was
upgraded to more than 25 weight % via a combination of screening, magnetic sepa-
ration, and froth flotation. Sulphur was recovered as a concentrate at a grade of 73
weight % via pre-flotation. Reductive roasting followed by magnetic separation or
acidic leaching was carried out. Chromium was upgraded by a factor of 8 in the
weakly magnetic fraction. Recovery of 55–70% for cobalt was obtained after acidic
leaching of reductively roasted samples.

Keywords Chromium · Slag · Zambia · Hazard · Sulphur · Cobalt ·Magnetic
separation

Introduction

Copper smelting slags are good source of copper as they have significant grade
of copper (0.6–2 weight %) and cobalt (0.1–0.8 weight %) [1–4]. A majority of
copper is present in the sulphide or matte form as copper was lost out, mainly due
to mechanical entrainment [1]. On the other hand, cobalt was lost to the slag phase
as result of oxidation. In general, copper smelting slags are inert. However, copper
smelting slag in Luanshya is unique as it has high levels of chromium and elemental
sulphur. Chromium is a toxic heavy metal found in different oxidation states in the
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environment, ranging from –2 to + 6 with the most stable states being the trivalent
(chromium III) and hexavalent (chromium VI) [5]. High levels of chromium pose
a serious environmental threat due to its leachability, mobility, and toxicity of the
higher valence chromium (VI) [6].

Recovery of Copper from Slag

Owing to the fact that copper in the copper smelting slag is mainly present as matte
or oxide (due to oxidation), froth flotation is widely used for recovering copper.
Copper is recovered as a high grade concentrate (more than 25 weight % copper).
The advantages of froth flotation are low capital and operating costs as compared to
hydrometallurgical processing [4]. The copper concentratesmay either be roasted and
then leached or, smelted to recover copper. The extraction efficiency for recovering
copper matte or sulphide from slag is very high (more than 90%). Even though froth
flotation is widely used for processing copper smelting slag, no attention has been
paid to study the behaviour of chromium.

Recovery of Cobalt from Slag

There is no established process that efficiently extracts cobalt from copper smelting
slag. This is because cobalt is chemically dissolved in calcium-iron-silicate matrix.
Reductive smelting has been tried but the low grade content of cobalt in the slag does
not justify this process and this is why Chambishi Metals PLC in Zambia abandoned
this process after commercialising it.

Recent studies have indicated that cobalt might be recovered via low tempera-
ture reduction (700–900 °C) followed by acidic media leaching [3]. This method
looks promising as low processing temperatures are involved compared to reductive
smelting which requires a temperature of more than 1500 °C [7, 8]. Since Luanshya
copper smelting slag has significant amount of chromium, it is necessary to study
the effect of chromium on low reduction—acidic leaching.

Aims of the Study

Considering a significant amount of sulphur and chromium in Luanshya copper
smelting slag, this work focuses on efficient flotation of Luanshya copper smelting
slag. In addition, low temperature reductive roasting—acidic leaching of Luanshya
copper smelting slag is also investigated.
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Experimental

Materials

Copper smelting slagwas obtained fromLuanshya district of theCopperbelt province
of Zambia. The material was collected from several different locations of the slag
dump site in order to have a good representative sample. Chemical composition of
the as-received material is shown in Table 1. Chemical analysis results in Table 1
clearly show that the slag has significant grade of sulphur and chromium which are
both hazards elements [5, 9]. The main constituents are Fe and SiO2, and this is
typical for any copper smelting slag [1].

Unless stated, all test works were carried out at particle size of 100% passing
through the 106 microns sieve size.

Froth Flotation Test Works

Froth flotation test works were carried out for the purpose of recovering copper from
slag. Froth flotation was carried out at a pulp density of 33%. Since the material has
some copper oxide, a sulphidiser (sodium hydrogen sulphide) was used during froth
flotation. Pine oil which is widely used as a frother for copper smelting flotation in
Zambia was used.

Reductive Roasting

For reductive roasting, the as-received ground slag material was mixed with char-
coal and transferred into a salamander crucible before loading into the furnace. The
material was heated isothermally for 1.5 h at the predetermined temperature.

Leaching of Reductive Roasted Sample

The reductive roasted sample was leached for 2 h at pH 1.8 and 33% solids. The
leached sample was filtered to separate out the leach liquor from residue (solids).

Table 1 Chemical analysis in weight % of the as-received Luanshya slag

TCu TCo Fe S Cr SiO2 Al2O3 CaO MgO K2O MnO

2.11 0.17 18.13 6.26 0.86 40.69 8.19 9.76 0.10 2.36 0.18
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Chemical Analysis

Copper, cobalt, iron, and chromium were all analysed by atomic absorption spec-
trometer (Perkin Elmer Analysis 300) technique while the rest of the compounds
were analysed by gravimetric technique.

Results and Discussion

The as-received material was characterised via scanning electron microscope, and
the images under backscattered electron imaging are shown in Fig. 1. The major
phases that were identified in thematerial were fayalite, quartz, complex calcium sili-
cates, bornite, chalcocite, malachite, etc. Chromiumwas present as Fe–Cr-Mg-Al_O,
and this is due to substitution between chromite (FeCr2O4) with magnesiochromite
(MgCr2O4) and (FeAl2O4). Point analysis using energy dispersive X-ray point anal-
ysis showed that cobalt is predominantly contained in complex iron—silicate phase
(fayalite). The bright phase belonging to copper matte can be observed in Fig. 1b.

Froth Flotation

Since Luanshya copper smelting has high levels of chromium and sulphur, the as-
received material was magnetically separated prior to froth flotation. The high,
weakly, and non-magnetic fractions were floated individually, and the results are
given in Table 2. A copper grade of 41.43 weight % copper was obtained in the
concentrate after flotation ofmagnetic fraction. It isworth noting the grade of concen-
trate obtained after flotation of the magnetic fraction is higher than what is obtained

Fig. 1 Scanning electron microscopy (SEM) Images of the as-received samples under backscat-
tered electron imaging
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when bulk material is floated. Commercial flotation of Luanshya copper slag yields
a concentrate with less than 20 weight % copper owing to higher content of sulphur.

On the other hand, the grade of concentrate was low (8.21 weight %) when the
non-magnetic fraction was floated and this is because of the high content of sulphur
as seen from the results.

Visual inspection showed that sulphur particles are generally finer than most slag
particles. As a result, the as-received slag material was screened on a 2.36 mm sieve
size. The oversize (plus 2.36 mm) fraction was milled to less than 106 microns
and subjected to froth flotation, and the results are shown in Table 3. Sulphur was
upgraded to 73.65weight% in the pre-float concentrate. The results in Table 3 further
show that copper was upgraded to 27.98% weight in the final concentrate while the
final tailings stream has 0.49 weight % copper, thereby representing a cumulative
% recovery of copper of 84.36%. The final tailings have less than 0.01 weight %
sulphur. Cobalt and iron were slight upgraded in the re-cleaner tails.

Due to high presence of sulphur, the undersize (minus 2.36 mm) fraction was
subjected to magnetic separation to obtain magnetic and non-magnetic fractions.
The magnetic fraction was 30 weight % of the undersize fraction. The magnetic
fraction was subjected to froth flotation, and the results are presented in Table 4 from
which it can be observed that a concentrate grade of 25.98 weight % copper was
obtained. Chromium was slight concentrated in the scavenger 3 stream.

Table 3 Results after flotation of the oversize (+2.36 mm)

Stream Weight
(g)

%
Weight

Weight % % Recovery

Cu Fe Cr Co S Cu Cr S Co

Pre-conc 12.25 4.08 3.77 13.58 0.197 0.079 73.65 9.19 2.79 85.2 2.52

Concentrate 6.38 2.13 27.98 17.67 0.20 0.09 6.28 33.01 1.46 3.8 1.56

Re- Cleaner
Tails

3.4 1.13 8.39 24.82 0.24 0.15 3.42 5.01 0.94 1.1 1.30

Cleaner
Tails 2

12.23 4.08 2.43 22.88 0.28 0.13 2.72 5.92 3.91 3.1 4.04

Cleaner
Tails

43.59 14.53 1.30 22.14 0.28 0.14 1.62 11.26 14.13 6.7 15.87

Scavenger 1 39.75 13.25 1.27 21.86 0.28 0.12 0.00 10.09 12.93 0.0 12.71

Scavenger 2 18.56 6.19 1.66 21.56 0.32 0.12 0.00 6.14 6.96 0.0 5.60

Scavenger 3 18.16 6.05 1.04 22.85 0.36 0.13 0.00 3.75 7.65 0.0 6.04

Final Tails 145.64 48.55 0.49 21.15 0.29 0.13 0.00 15.64 49.23 0.0 50.36

Total 299.96 100
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Table 4 Results after flotation of the undersize (−2.36 mm) magnetic fraction

Stream Weight
(g)

%
Weight

Weight % % Recovery

Cu Fe Cr Co S Cu Cr S Co

Concentrate 2.92 2.02 25.98 22.72 0.13 0.12 6.81 32.15 0.82 86.12 1.53

Re-cleaner
Tails

1.16 0.80 9.31 29.16 0.19 0.17 2.53 4.58 0.47 12.71 0.88

Cleaner
Tails 2

7.52 5.21 3.53 28.00 0.25 0.20 0.00 11.26 3.90 0.00 6.85

Cleaner
Tails

15.44 10.70 1.63 28.87 0.36 0.13 0.00 10.69 11.54 0.00 8.84

Scavenger 1 17.25 11.95 1.33 26.62 0.29 0.18 0.00 9.74 10.46 0.00 13.85

Scavenger 2 12.87 8.92 0.88 26.55 0.35 0.17 0.00 4.79 9.40 0.00 9.63

Scavenger 3 17.50 12.13 0.79 27.89 0.46 0.17 0.00 5.82 16.79 0.00 13.18

Final Tails 69.65 48.26 0.71 27.17 0.32 0.14 0.00 20.95 46.63 0.00 45.23

Total 144.31 100.00

Reductive Roast—Acid Leaching

The results for the samples that were roasted at various temperatures and leached in
sulphuric acid media are shown in Fig. 2. The following observations can be made
from Fig. 2.

• The recoveries of Co / Fe and Cu / Cr are similar, and this is because cobalt is
hoisted in the iron silicate matrix.

• The recoveries of Cu and Cr are lower compared to Co and Fe. The maximum
recoveries of Cu and Cr are less than 15%.

• The highest recoveries were obtained at 900 °C.

Fig. 2 Plot of % recovery
against calcinations
temperature
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Table 5 Leach test results for the samples thatwere roastedwith 25weight% charcoal and catalysis
(sodium carbonate or borax) at 900 °C and leached at pH of 1.8

Additive Initial
weight (g)

Final
weight (g)

% Grade % Recoveries

Cu Fe Cr Co Cu Fe Cr Co

10%Borax 200 118.22 1.04 8.82 0.82 0.14 67.5 70.8 13.8 49.8

None 200 132.4 0.84 9.08 0.72 0.11 70.8 66.4 14.7 55.9

10 Na2CO3 200 126.2 1.33 9.85 0.71 0.09 55.5 65.3 19.9 64.7

10% Na2CO3 200 122.5 1.40 10.69 0.83 0.11 54.7 63.4 8.8 59.3

As earlier stated, most of the copper is present in the sulphide or matte form and
hence reductive roasting did not metallise it. Chromium oxide is highly refractory,
and this is why it was less reduced tometallic state. It is worth noting that the recovery
of cobalt and copper is lower than what it was obtained on a copper slag material
from Democratic Republic of Congo [3].

Since copper is mostly present in the sulphide form and with the aim of improving
the recovery, the material was roasted in air at 700 °C before reductive roasting in
the presence of borax or sodium carbonate. The summary of results is given in Table
5 from which it can be observed that the recovery of copper increased to 70.8%.
However, there was minimal increase in the recovery of cobalt as the maximum
recovery was 64.7%.

Reductive Roasting—Magnetic Separation

Magnetic separation of the reductive roasted sample was carried, and the results are
shown in Table 6. It can be observed from Table 6 that cobalt was slight upgraded
in the magnetic fraction with a recovery of 97.77%. The low upgrading factor of
cobalt is because cobalt is present in the complex iron silicate matrix which reduces
its grade in the magnetic fraction. Chromium upgraded by a factor of about 5 in the
weaklymagnetic fraction. The upgrade factor was lowerwhen reductive roastingwas
carried out in the absence of sodium carbonate, and this is due to low metallisation.
The upgrade factor for both cobalt and chromium was lower for the sample when
reductive roasting was carried out in the absence of sodium carbonate as shown in
Table 7. Chromium only upgraded to 1.01 weight % in the weakly magnetic fraction.

Conclusions

• Scanning electron microscope (SEM) studies revealed that chromium is present
in the Cr-Fe–Mg-Al-O phase. However, copper is mostly present in the matte,
oxide (malachite), and complex silicate phases.
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Table 6 Magnetic separation results for the sample after reductive roasting in the presence of 10%
sodium carbonate, at 900 °C

Stream Wt. (g) Wt
(%)

% Grade % Recovery

Cu Fe Cr Co Cu Fe Cr Co

Magnetic 32.29 75.13 1.84 21.92 0.24 0.38 78.23 87.76 28.19 97.77

Weakly
Magnetic

4.34 10.10 1.72 14.09 4.34 0.05 10.24 7.58 68.52 1.73

Non-magnetic 6.35 14.77 1.35 5.92 0.14 0.01 11.53 4.66 3.29 0.51

Total 42.98 100.00

Table 7 Magnetic separation results for the sample, after reductive roasting at 900 °C

Stream Wt. (g) Wt. (%) % Grade % Recovery

Cu Fe Cr Co Cu Fe Cr Co

Magnetic 63.89 47.36 2.28 24.52 0.36 0.28 65.00 68.17 33.26 74.72

Weakly
Magnetic

5.94 4.40 2.04 20.96 1.01 0.17 5.41 5.42 8.58 4.33

Non-magnetic 65.06 48.23 1.02 9.33 0.62 0.08 29.61 26.42 58.17 20.95

Total 134.89

• Efficient froth flotation of Luanshya slag requires screening the as-received mate-
rial on a 2.36 mm sieve size, subjecting the undersize to magnetic fraction, and
floating the oversize and under size magnetic fraction.

• Sulphur may be recovered via pre-flotation as a grade of about 73 weight %
sulphur was obtained after pre-flotation.

• Low temperature reductive roasting—acid leaching of the material was carried
out. However, the recovery of cobalt was 55–70% while that of copper and
chromium was less than 15%.

• Chromium upgrades by a factor of about 8 in the weakly magnetic fraction when
the reductive roasted sample is subjected to magnetic separation. By comparison,
cobalt was only upgraded by a factor of 2 in the magnetic fraction.
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Separation of Li and Co from LiCoO2
Cathode Material Through
Aluminothermic Reduction Using
Different Aluminum Sources: Chemical
Grade, Swarf, and Dross

D. C. Nababan, R. Mukhlis, Y. Durandet, L. Prentice, and M. A. Rhamdhani

Abstract The worldwide ever-increasing vehicle uptake escalates the number of
end-of-life lithium-ion batteries that need to be managed. Aluminothermic reduction
is considered as an alternative approach for separating Li and Co from LiCoO2,
the most common material used as batteries’ cathode. The current study evaluates
the potential use of three different aluminum sources (chemical grade, waste swarf,
and waste dross) as reductants for the aluminothermic reduction process. Systematic
thermodynamic analyses have been carried out using the FactSage thermochemical
package to identify the optimum conditions and the reaction products at various
temperatures. Selected experiments were carried out to demonstrate the process. In
the case of reduction with chemical grade aluminum, Co could be extracted as Co
metal or Co–Al alloy while Li is distributed to Li(g) and slag. The impurities in the
waste swarf and Al dross were found to affect the Co and Li products and their
separation mechanism.

Keywords Lithium-ion-batteries recycling · Aluminothermic reduction · Thermite
reaction

Introduction

The rapid growth of lithium-ion batteries (LIBs) usage due to the increased global
uptake of electric vehicles (EVs) has provided challenges in supplying the demand
of the raw materials as well as management of large quantities of end-of-life/spent
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LIBs [1]. The valuable metals contained in the spent LIBs may potentially be recov-
ered through hydrometallurgy and pyrometallurgy processes. The pyrometallurgy
approach commonly utilizes elevated temperatures for the extraction and separa-
tion processes. Reduction roasting using carbon as a reducing agent is the most
common approach for extracting the valuable metals [2]. Nevertheless, metal such
as aluminum has also been used as a reductant for the recycling of cathode LIBs in
the recent years [3–6].

Aluminum iswidely known to be a reducing agent formanymetal oxides due to its
high reduction potential. Apart from the chemical grade from aluminum producers,
metallic Al could be contained in wastes, e.g. swarf and dross. Aluminum swarf or
chip are wastes generated from machining during manufacturing process, and the
amount can be quite considerable, i.e. 3–5% of the casting weight [7]. The Al swarf
used in this study is a waste swarf from Al7075 manufacturing process. Aluminum
dross is an industrial waste generated from aluminum smelter plants containing
metallic aluminum entrapped in aluminum oxide along with some salt flux. The
dross is classified into different categories based on its aluminum content. The dross
evaluated in this work contains 10 wt.% Al which is classified as dross salt cakes [8].

This study evaluates the potential use of aluminum from three different sources,
e.g. chemical grade (99.98% Al), waste swarf (90% Al), and waste dross (10% Al),
as a reductant to separate Li and Co from LiCoO2, the most common material used
in batteries’ cathode. Thermodynamic assessment and selected experimental works
were carried out in the current study to demonstrate the potential of using the different
Al sources mentioned. This study provides some alternative route for which can be
beneficial for developing future strategy of waste cathode LIBs recycling, especially
to recover the Li and Co.

Methodology

Sample Preparation

A commercial reagent-grade LiCoO2 powder (~10μm, 99.8% purity) supplied from
Sigma-Aldrich was used in this study. In order to evaluate the use of Al-only as the
reductant, a reagent-grade Al powder (~125 μm, 99.5% purity) supplied by Sigma-
Aldrichwas used. ThewasteAl swarf used in the studywas collected frommachining
process at a local workshop, with a typical chemical composition shown in Table 1.
It can be seen from Table 1 that the main element in the swarf was Al (~90 wt.%),
followed by Zn (~5 wt.%).

Figure 1a shows the physical appearance of theAl swarfwith various sizes (around
1 cm in length). The secondary electron (SE) image from a scanning electron micro-
scope (SEM) of one of the Al swarf is provided in Fig. 1b including the mapping of
the elements.
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Table 1 Chemical composition of typical waste Al swarf (wt%)

Item Element

Al Si Cu Fe Mg Zn Cr Mn Ni Ti Sr Zr

Al swarf 90.65 0.15 1.41 0.23 2.1 5.1 0.19 0.09 0.01 0.05 0.001 0.005

Fig. 1 a The typical appearance of Al swarf with the SE SEM image including the mapping of the
elements (b)

Table 2 Chemical composition of typical waste Al dross (wt%)

Item Component

Al2O3 Na3AlF6 Al AlN KCl Mg (AlO2)2 CaF2

Al dross 64.5 9.25 10 7.5 2.5 3.75 2.5

TheAl dross used in this studywas obtained froma local aluminumsmelter factory
where its typical composition is shown in Table 2. The dross mainly contained up to
64 wt% Al2O3, while the amount of metallic Al was relatively small, i.e. 10 wt.%.
The rest of the composition was dominated by salts.

Thermodynamics Assessment

The thermodynamic assessment was carried out using the thermochemical package
FactSage™ 8.2 (Thermfact/CRCT-Ecole Polytechnique de Montreal, QC, Canada).
The effects of different parameters including initial reaction temperature and the
addition of Al, swarf, and dross were investigated. The details about the FactSage
can be seen in Bale et al. [9, 10]. Five databases in FactSage were used for this assess-
ment: FactPS (for pure substances), FToxid (for solid and liquid oxides compound
and solution), FTlite (for Al alloys), FTsalt (for chloride salts), and FThall (for cryo-
lite). A private thermochemical database was developed for LiCoO2 compound by
considering existing thermodynamics data from literatures. The molar heat capacity



236 D. C. Nababan et al.

(Cp) data of LiCoO2 was taken from Jankovsky et al. [11], while the enthalpy (H)
and entropy (S) data were taken from Chang [12]. The Equilib module was used to
predict the final products of the LiCoO2–Al/Al swarf/Al dross system at equilibrium
conditions.

Experimental Techniques

Selected experiments for the reactions of LiCoO2–Al and LiCoO2–Al swarf were
conducted in a horizontal electrical resistant furnace. Mixtures of the reactants with
compositions of 72 wt.% LiCoO2 − 28 wt.% pure Al and 72 wt.% LiCoO2-28 wt.%
Al swarf were compacted with a pressure of 10 kPa to form pellets. The furnace was
equipped with a finger condenser at the outlet end of the tube, built from a copper
tube, and cooled by circulated water to allow the condensation of volatile phases
(such as Li phases). The sample was positioned in the hot zone of a furnace filled
with argon gas to initiate the reaction. After the end of reaction, the sample was then
retrieved for further characterizations.

Results and Discussion

Thermodynamics Assessment Results

It has been observed in the other unpublished studies by the authors that reactions
between Al and LiCoO2 can exhibit a thermite reaction/ignition which causes a
significant increase in the system’s temperature from its initial reaction temperatures
of 800 and 1000 °C. To investigate the possiblemaximum temperature of the reacting
system, a set of thermodynamic calculationswere carried out. For all the assessments,
the �H on the final equilibrium condition was set to be 0 in order to simulate the
adiabatic condition where the �H is converted to increase the temperature of the
system. This condition is to illustrate a thermite reaction that occurs with an ignition
which leads to an increase in the temperature.

The discussion and comparison of the results of calculations of reactions between
LiCoO2 and Al, Al swarf, and Al dross were carried out for a fixed metallic Al
to LiCoO2 ratio of 1.39 (in mol) and initial reaction temperature of 1000 °C to
allow meaningful comparison. This ratio is represented by the dotted vertical lines
in Figs. 2, 3, and 4.
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Fig. 2 Equilibrium calculation results of LiCoO2–Al at different initial temperatures, i.e. 800 and
1000 °C at 1 atm with the �H on the final condition set to 0 kJ; a the red y-axis shows the adiabatic
temperaturewhile the rest show the amount of the obtained products inmol. bShows the distribution
within the slag, c liquid, and d gas

Thermodynamics Assessment of Aluminothermic LiCoO2 Using Pure
Aluminum

Figure 2 shows the results of the thermodynamic assessment of the LiCoO2–Al
system. The adiabatic temperature generated by reaction with 1.39 mol Al was
predicted to be 2566 °C. At this temperature, the slagwas in liquid state and consisted
of CoO–Al2O3–Li2O–LiAlO2. The liquid metal was predicted to be dominated by
Co with a small amount of Al. In the gas product, approximately 0.7 mol of Li were
predicted with a small amount of Co and Al.

Thermodynamics Assessment of Aluminothermic LiCoO2 Using Waste
Aluminum Swarf

Figure 3 shows the results of the thermodynamic assessment of the LiCoO2–Al swarf
system. At 0.413 mol of Al swarf (equivalent to 1.39 mol metallic Al) with initial
reaction temperature of 1000 °C, the adiabatic temperature generated was predicted
to reach 2519 °C, similar to the case of reaction with pure Al. The slag produced was
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Fig. 3 Equilibrium calculation results on LiCoO2–Al swarf at different initial temperatures, i.e.
800 and 1000 °C at 1 atm with the �H on the final condition set to 0 kJ; a the red y-axis shows the
adiabatic temperature while the rest show the amount of the obtained products in mol. b Shows the
distribution within the slag, c liquid, and d gas

predicted to be dominated by Al2O3, while the liquid metal contained majority of Co
with a small amount of Al. Different from the gas produced from reaction with pure
Al, the gas from the reaction with Al swarf was predicted to contain Zn and Mg.
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Fig. 4 Equilibrium calculation results on LiCoO2–Al dross at different initial temperatures, i.e.
800 °C and 1000 °C at 1 atm with the �H on the final condition set to 0 kJ; a the red y-axis shows
the adiabatic temperature while the rest show the amount of the obtained products in mol. b Shows
the distribution within the liquid, c slag, d gas, and e solid

Thermodynamics Assessment of Aluminothermic LiCoO2 Using Waste
Aluminum Dross

Figure 3 shows the results of the thermodynamic assessment of the LiCoO2–Al dross
system. With initial reaction temperature of 1000 °C and at 3.744 mol of Al dross
(equivalent to 1.39 mol metallic Al), the adiabatic temperature was predicted to be
1664 °C. This temperature was much lower compared to the case of reactions with
pure Al and Al swarf. This was mainly because the amount of Al in dross is quite
small (~10 wt%) and much of the heat generated was also used to heat up the rest of
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the salt components in the dross. Similar to the case of reactions with the other two
Al sources, the liquid metal was predicted to contain Co with a small amount of Al.
The slag, however, was predicted to be dominated by Al2O3 followed by AlF3 and
LiAlO2. Instead of Li as a major component, Na was predicted to dominate in the
gas product, followed by Li in the form of LiF.

Experimental Results

Experimental Results of Aluminothermic LiCoO2 Using Pure Aluminum

A thermite reaction/ignition was observed when a 3 g-pellet with 1.39 Al/LiCoO2

molar ratio or 72 wt.% LiCoO2-28 wt.% of Al was reacted at 1020 °C. The reac-
tion was violent and produced several big metallic blobs. Figure 5a shows one of
the metallic blobs captured by the SEM including the EDX elemental mapping.
Following EDX point analyses, selected metallic blob was found to contain 89.29
wt%.Co and 10.71wt.%Al. The slag from the reactionwas ground and then analyzed
using XRD. Considering the EDX and XRD results, the cooled slag was deduced
to contain LiAlO2, LiAl5O8, and Al2O3. The thermodynamic assessment predicted
that the addition of 1.39 mol of Al with 1 mol LiCoO2 releases a major amount of
Li vapour into the gas phase at temperature close to adiabatic temperature. This was
observed from the experiments. A secondary electron (SE) SEM image of scrapped
powder condensed from the gaseous phase on the condenser is shown in Fig. 5c
whereas the XRD is shown in Fig. 5d. The condensed phase was found to be LiOH.
This might indicate that the Li was vaporized into the gaseous phase during the
thermite reaction and then condensed on the condenser’s surface as Li(s). Once the
condenser was taken out, the condensed Li interacted with the water vapor in the
room’s atmosphere to form the LiOH.

Experimental Results of Aluminothermic of LiCoO2 Using Waste
Aluminum Swarf

Similar to the case of LiCoO2–Al experiment, the reaction of a 3 g pellet containing
72 wt.% LiCoO2-28 wt.% Al swarf at 1020 °C showed an ignition/thermite reaction
and also resulted in metallic and slag phases; as well as condensed phase on the
condenser. Figure 6a shows one of the metallic blobs captured by the SEM including
the EDX elemental mapping. It shows that the obtained metal contains highly pure
Co whereas the slag still contains a relatively small amount of Co. The different
outcome with the LiCoO2–Al reaction might be caused by the amount of Al in the
pellet being lesser; hence, some of the Co still was in its oxide form in the slag.

Figure 6c shows an SE SEM image of the scrapped powder from the condenser
including its XRD result. Based on the EDX analysis, the powder was found to be
dominated by Zn with a composition of 87 wt% Zn, 6.5 wt% O, 5 wt% Al, and
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Fig. 5 Products obtained from heating 3 g-pellet containing 72 wt.% LiCoO2 and 28 wt.% pure
Al powder: a SE SEM of the metal-slag image including the EDX elements mapping with. b XRD
analysis of the slag; c SE SEM of the condensed powder including, d its XRD analysis

Fig. 6 Products obtained from heating 3 g-pellet containing 72 wt.% LiCoO2 and 28 wt.% pure
waste Al swarf: a SE SEM of the metal-slag image including the EDX elements mapping with. b
XRD analysis of the slag; c SE SEM of the condensed powder including, d its XRD analysis

1.5 wt% Co. However, the EDS could not detect Li, although the XRD shows some
peaks of Zn, Li, and LiZn13. This might suggest that there were two main elements,
Li and Zn, vaporized during the thermite reaction.

As the thermodynamic assessment shows, when the adiabatic condition was
achieved, the temperature of the system was increased significantly and resulted
in the formation of gas, liquid slag, and liquid metal/alloy. Selected experimental
results show that the ignition of thermite reaction occurred leading to smelting of
the pellet at high temperature and producing the same products, i.e. gas, liquid slag,
and liquid metal/alloy. In order to outline the simplified mechanism of the Li and
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Co separation from LiCoO2 using Al as the reductant, the reactions presented in
Eqs. 1–4 below were proposed:

LiCoO2 → 1/2 Li2O + CoO + 1/4O2 (1)

LiCoO2 + 1/3Al → 1/2 Li2O + CoO + 1/6Al2O3 (2)

3/2CoO + Al → 3/2Co + 1/2Al2O3 (3)

3/2 Li2O + Al → 3Li + 1/2Al2O3 (4)

The thermal treatment of LiCoO2 could lead to its decomposition into Li2O and
CoO as suggested from previous studies [13–15], following Eq. 1. The presence of
Al, following Eq. 2, might facilitate further the decomposition of LiCoO2. The highly
exothermic reaction between CoO and Al (Eq. 3) might increase the temperature of
the system which allows the vaporization of Li (Eq. 4). In the case of using Al swarf
as the reductant, the Zn contained in the Al swarf might be vaporized accordingly
due to the high temperature of the system.

Conclusions

The thermodynamic assessments and experimental works have demonstrated the use
of Al in a form of pure Al powder and waste Al swarf as reductant for separating
Li and Co from LiCoO2 into different forms. Li was distributed into the gaseous
phase and slag phase while the Co could be recovered as Co metal or Co–Al alloy
depending on the amount of Al added in the sample. This separation mechanism
was enhanced by the occurrence of ignition from the thermite reaction. The minor
element, Zn, in the Al swarf was found to vaporize and interact with the Li.

Acknowledgements This work was conducted under the Swinburne-Automotive Engineering
Graduate Program (AEGP) scholarship, funded by Australian Government through the Depart-
ment of Industry, Science, Energy and Resources (previously known as the Department of Industry,
Innovation, and Science (DIIS)). The work was also co-funded by the Commonwealth Scientific
and Industrial Research Organisation (CSIRO), Australia.

Conflict of Interest The authors declare that they have no conflict of interest.



Separation of Li and Co from LiCoO2 Cathode Material Through … 243

References

1. Miao Y et al (2022) An overview of global power lithium-ion batteries and associated critical
metal recycling. J Hazard Mater 425:127900

2. Fan E et al (2020) Sustainable recycling technology for Li-ion batteries and beyond: challenges
and future prospects. Chem Rev 120(14):7020–7063

3. WangWet al (2019)A simplified process for recovery of Li andCo from spent LiCoO2 cathode
using Al foil as the in situ reductant. ACS Sustain Chem Eng 7(14):12222–12230

4. Wang W et al (2020) Cleaner recycling of cathode material by in-situ thermite reduction. J
Clean Prod 249:119340

5. Huang Z et al (2021) In situ recombination of elements in spent lithium-ion batteries to recover
high-value γ-LiAlO2 and LiAl5O8. Environ Sci Technol 55(11):7643–7653

6. Dang S et al (2021) In Situ aluminothermic reduction induced by mechanochemical activation
enhances the ability of the spent LiCoO2 Cathode to activate peroxymonosulfate. ACS Sustain
Chem Eng 9(46):15375–15385

7. Puga H et al (2009) Recycling of aluminium swarf by direct incorporation in aluminiummelts.
J Mater Process Technol 209(11):5195–5203

8. Meshram A, Jha R, Varghese S (2021) Towards recycling: understanding the modern approach
to recover waste aluminium dross. Mater Today: Proc 46:1487–1491

9. Bale C et al (2009) FactSage thermochemical software and databases—Recent developments.
Calphad 33(2):295–311

10. Bale CW et al (2002) FactSage thermochemical software and databases. Calphad 26(2):189–
228

11. Jankovský O et al (2016) Thermodynamic properties of stoichiometric lithium cobaltite
LiCoO2. Thermochim Acta 634:26–30

12. Chang K, Seifert HJ, Phase equilibria, thermodynamic and electrochemical properties of cath-
odes in lithium ion batteries based on the Li-(Co, Ni)–O system. In: 2013: Hochschulbibliothek
der Rheinisch-Westfälischen Technischen Hochschule Aachen

13. Li J, Wang G, Xu Z (2016) Environmentally-friendly oxygen-free roasting/wet magnetic sepa-
ration technology for in situ recycling cobalt, lithium carbonate and graphite from spent
LiCoO2/graphite lithium batteries. J Hazard Mater 302:97–104

14. Mao J, Li J, Xu Z (2018) Coupling reactions and collapsing model in the roasting process of
recycling metals from LiCoO2 batteries. J Clean Prod 205:923–929

15. Li J, et al (2020) Pyrolysis kinetics and reaction mechanism of the electrode materials during
the spent LiCoO2 batteries recovery process. J Hazard Mater 122955



Towards Framework Development
for Benchmarking Energy Efficiency
in Foundation Industries: A Case Study
of Granulation Process

Shoaib Sarfraz, Ziyad Sherif, Mark Jolly, and Konstantinos Salonitis

Abstract The manufacturing sector depends mainly on the foundation industries
which have a major contribution to the country’s economy. These foundation indus-
tries include glass,metals, ceramics, cement, paper, and chemical sectors that support
the demands of our modern lives. On the other hand, these industries are energy
intensive. Energy requirements in foundation industries can be improved by bench-
marking and comparing the actual energy consumption of individual processes with
their theoretical minimum value. In this study, an energy taxonomy approach has
been used to identify the elements responsible for energy consumption in the granu-
lation process. Bond’s law has been used to calculate the theoretical minimum energy
consumption of one such individual process, i.e., granulation—a common process
among the foundation industries which accounts for an average of 50% of the total
energy consumption. A framework has also been developed that can be used by foun-
dation industries to benchmark their energy efficiency and that provides an insight
into the practical and theoretical potential for reducing their energy requirements.
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Introduction

Manufacturing sector is the backbone of the economic output of a country. On the
other hand, it is responsible for 38% of global energy consumption [1]. Themanufac-
turing sector can be split into energy-intensive industries and non-energy-intensive
industries based on their energy usage [2]. Food and electronics industries are exam-
ples of non-energy-intensive industries. On the other hand, energy-intensive indus-
tries include glass, metals, ceramics, cement, paper, and chemical industries, also
known as foundation industries. These industries provide essential commodities as
well as a major contribution to the overall economy of a country. For instance, in
the UK economy around £52 billion is contributed by the foundation industries [3].
In the last few decades, a growing trend has been observed in the manufacturing
industry production in response to consumption per capita. Along with labour and
rawmaterial costs, energy is amajor component of production costs in these “founda-
tion” industries, driving a shift toward improved energy efficiency. Moreover, global
environmental concerns raise the focus on energy efficiency. According to IEA [4],
energy efficiency is the most contributing factor towards reducing CO2 emissions by
up to 53%. Rogelij et al. [5] stated energy efficiency as one of the keys to retain the
potential of keeping global warming to below 1.5 °C.

Benchmarking is a traditional approach for identifying and prioritising particular
opportunities to improve energy efficiency in the industry. It has been used in steel and
iron [6], construction [7], automotive [8], glass [9], and majority of other processing
industries [10], acknowledging the benefits of benchmarking in identifying energy
efficiency improvements. Hagenbruch and Zeumer [11] provided a proven bench-
marking approach for the steel industry. They also explained how benchmarking can
produce useful data and provide performance transparency that creates sound discus-
sions, which can result in new concepts and improved operating procedures. All of
this contributes to creating an industrial culture that is focused on performance and
improvement. The study concluded that while benchmarking is a widely used tool,
many production businesses are sceptical of its practical application due to the diffi-
culty in identifying reliable reference point for the evaluation of their performance
versus a specified “best” standard.

Mahamud et al. [12] and Fresner andKrenn [13] recommended using the approach
of theoretical minimum consumption calculation to support benchmarking as it can
provide an unbiased reference for the specific manufacturing industry. The studies
also suggested using the mentioned approach as a base point for looking for ways
to improve energy efficiency. The majority of industrial processes consume at least
50% more energy than the theoretical minimum defined by the fundamental rules of
thermodynamics [4]. The theoretical minimum energy use is being approached by
many countries, particularly in the chemical [14], cement [15], andmetal [16] sectors.
Although theoretical minimum energy consumption has been investigated as a target
for energy reductionmeasures at the industry level, it has not beengenerally employed
to direct energy reduction efforts at the process level, especially for energy-intensive
processes, such as granulation.
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Granulation could refer to a size enlargement process such as agglomeration,
or to a size reduction such as crushing and grinding. This paper focuses on the
size reduction aspect as it is one of the most important processes in the foundation
industries. The energy efficiency of the granulation process is usually 5–10% only,
with the rest being transformed to heat [4]. It is also an energy-intensive process;
for instance, in a typical cement industry, 62% of overall power is consumed by
the granulation process [17]. Determining and understanding the energy use of the
manufacturing process is important to improve energy efficiency.

The majority of the published research offers benchmarking at the industry,
factory, ormachine level, which is unable to precisely predict the energy performance
at the process level. Literature review reveals that theoretical energy consumption
calculations can assist manufacturing industries in benchmarking their energy effi-
ciency, a step toward energy efficiency improvements. From the ongoing studies, it is
observed that little or no studies have been found reporting the theoretical minimum
energy calculations for the granulation process. Moreover, there is no framework
available to benchmark the energy efficiency of granulation process in the founda-
tion industries. Therefore, this study aims to theoretically determine the minimum
required energy for the granulation process based on Bond’s law. An effort has also
been made to develop a high-level framework to benchmark energy efficiency in
foundation industries, focusing on the granulation process.

Energy Taxonomy

Energy is one of the most fundamental resources for manufacturing industries for
future economic growth and prosperity. Its consumption is expected to continue to
increase over the coming decades, with world energy demand estimated to be 45%
higher in 2030 than today’s levels [18]. The foundation industries were responsible
for 59% of the total energy used by the manufacturing sector of the United States
in 2018, as portrayed in Fig. 1. The data is obtained from the U.S Energy Infor-
mation Administration (EIA) [19]. This highlights the need for energy management
resources aiming at the foundation industries and their operations.

In order to reduce the need for energy, the first step would be identifying and
characterising the energy consumption of the process at hand. This includes any
element that can influence the required energy of the process. According to Seow
and Rahimifard [20], the energy used by various processes required to manufacture
a product is defined as direct energy. This energy consists of two components: (i)
minimum energy which refers to the lowest possible energy (bound by the physics
of the process) and (ii) auxiliary energy which can be defined as the energy required
by the supporting activities and auxiliary equipment for the process. Therefore, the
parameters affecting energy consumption can be recognised based on their influence
on both aspects of direct energy.



248 S. Sarfraz et al.

Fig. 1 Manufacturing industries’ energy consumption by sector in the US (2018); Non-metallic
minerals: cement, glass, gypsum, and limestone; Primary metals: iron and steel; Paper, Chemicals;
Others: non-foundation industries. (Total = 19,436 Btu)

In the case of granulation, the minimum energy consists of the energy required
for the size reduction of a material and therefore will depend on material character-
istics. Meanwhile, auxiliary energy incorporates the energy consumed by machine
tools and production related equipment and will depend on its type and efficiency
[21, 22]. In reality, the direct energy supplied is mostly converted into heat (losses)
whereas only a minor portion is consumed by the main size reducing equipment
and auxiliary operations [23]. Hence, the actual energy consumed in the granula-
tion process consists of direct energy and unwanted losses. Figure 2 depicts how
the energy supplied for the granulation process is allocated along with the elements
responsible for the consumption.
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Fig. 2 Energy consumption taxonomy of granulation process (not to scale)
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Framework Development

Abasic framework has been developed in this study for the purpose of benchmarking,
where the theoretical minimum energy acts as a reference point. This will allow for
the identification of potential room for improvements once compared against actual
consumptionby recognisingmeans tominimise the gapbetween theminimumenergy
required for the process and the actual consumption. It is essential to have an accurate
measure of the actual energy consumed during a process and cannot solely rely on
theoretical modelling for estimating energy consumption [24].

According to Klein et al. [25], the energy efficiency of the granulation process can
be defined as the energy required for size reduction divided by the energy used by
the mechanical system. Based on that, and the work done by Nadolski et al. [26], the
benchmarking of granulation energy efficiency will involve the use of the following
proposed parameters:

• B = Baseline efficiency of existing scenario = theoretical minimum energy
(TME)/Baseline actual energy (AEb)

• Bn = Improved efficiency of potential scenario (where n represents the number
of potential scenarios)= theoretical minimum energy (TME)/Actual energy after
improvements (AEi)

• Efficiency improvement = Bn − B

The theoreticalminimumenergy (TME) represents the lowest energy theoretically
required to reduce the size of a material, where its calculation will be examined in the
following section. The actual energy (AE) is the value of the energy consumed during
real-time operations of a granulation system. As seen in Fig. 3, the benchmarking is
done by computing the efficiency parameters B and Bn, which represent the baseline
efficiency and the improved efficiency, respectively. Possible improvements could
target the process and the way in which it is being conducted, or the equipment being
utilised.

It would be challenging to identify an inclusive list of material properties that
affect the energy required to reduce the size of a particular material. For instance,
the hardness of a material, which is one of the most important factors in the amount
of energy consumed by the milling unit, has a minor impact on the amount of energy
consumed by jaw crushers [21]. To solve this problem, a material property, known
as Bond’s work index [27] which expresses the resistance of the material to crushing

Fig. 3 Basic benchmarking
framework overview
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and grinding, was introduced. Crushing and grinding are the two industrial means of
conducting the granulation process. The following section describes the theoretical
minimum calculations using the work index.

Theoretical Minimum Energy Calculation

Although it is impossible to estimate accurately the amount of energy required to
reduce the size of a given material, a number of empirical laws have been proposed.
Earlier two laws were introduced by Kick [28] and Rittinger [29] in 1885 and 1867,
respectively, and then, the third law by Bond [27] was proposed in 1952. These three
laws may all be derived from the basic differential equation [30]:

dE

dL
= −K Ln (1)

which states that the energy dE required to result in a change in the size dL of a
unit mass of material is a simple power function of the size (L) and the crushing
strength of the material (K) [31]. It has been found that Rittinger’s expression, n
= −2, is more applicable for coarse size reduction while that of Kick, n = −1, is
more appropriate for finer size reductions in the region where large surface areas of
particles are exposed as in the case of grinding operations. Bond has suggested a
law intermediate between Rittinger’s and Kick’s laws which covers almost the entire
range of particles, by equating n = −3/2 leads to:

E = −10Wi

[
1√
L1

− 1√
L2

]
(kWh/t) (2)

where E expresses the minimum amount of specific energy required to reduce the
size of a particle from L1 to L2.Wi presents the Bond’s work index which is defined
as the amount of energy required to reduce the unit mass of material from infinite
particle size to a size of 100 µm, which is usually computed experimentally with
standardised tests.

Since themain consequence of granulation is the change in size dL, this parameter
is considered crucial for determining theminimum required energyE for the process.
Similarly, it is a process inwhich the dispersion state of solids changeswith the action
of mechanical forces. To use Eq. 2, Bond considered the energy required for the
reduction of feed particle size (L1) that passed 80% of a particular sieve to a product
particle size (L2) that passed 80% of a sieve opening. In case this certain size is not
reached, the recovery of material processing or the quality of the final product will be
greatly reduced. On the other hand, over-grinding not only reduces the efficiency due
to fine particle generation but also dramatically increases the granulation costs [32].

The fundamental work by Bond has been accepted universally to predict the
specific energy consumption of crushing machines during material size reduction
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[33, 34]. The limitation to bond’s law is its dependence on the work index of the
material which is obtained experimentally. However, since the development of the
conceptmany decades ago, thework indexWi of severalmaterials has been computed
and documented regularly. This led to an abundance of data for each material based
on its type and composition. The final version of the TME equation for a particular
size change in mm is given as:

TME = −0.3162Wi

[
1√
L1

− 1√
L2

]
(kWh/t) (3)

Case Study of Granulation Process

Asmentioned before, granulation could refer to the grinding processwhich consumes
the most electricity in the cement industry. It is responsible for about 50% of the
whole electrical energy utilization [35–37]. The consumption is strongly influenced
by the production method, compositions of raw materials, and grinding fineness
[38]. Clinker grinding consumes the largest amount of electrical energy in a cement
plant [39]. This is attributed to various types of equipment incorporated in a circuit
revolved commonly around a mill. The minimum power required is consumed by
the main drive systems of mills, system fans, and separators. However, the process
also includes the consumption of auxiliary equipment such as material transport
systems, weigh-feeders, and pneumatic and hydraulic units. The input energy is lost
in the form of heat produced from the frictional forces encountered by the mill as
it rotates [40]. To demonstrate the use of the framework, the benchmarking process
was implemented on possible improvements on equipment changeover bases.

Accordingly, a cement ball mill was used as a baseline case while the roller press
and ring rollermill (Horomill) were taken as the potential equipment for the improved
cases. The work index of Limestone, the main ingredient of clinker, was determined
by Heiskari [41] as 10.21 kWh/t. The size of the feed and product together with the
actual energy consumption values are presented in Table 1 as obtained from [42] and
TransFIRe industry partner. The values represent an estimation of the general figures
across the grinding stage of the cement industry.

Accordingly, using the formulas presented in Sect. “Framework Development”,
the benchmarking was performed for the base case and the subsequent possible
improved scenarios. The values, presented in Table 1, indicate that the ball mill
system is highly inefficient due to the large difference between its actual consumption
(40 kWh/t) and the theoretically calculated minimum energy (18.88 kWh/t) required
for such size reduction. On the other hand, the Horomill machine had the highest
efficiency when compared to the other scenarios as seen in Fig. 4. Hence, a 27%
increase in efficiency is possible just by replacing the grinding equipment.

While it is not always possible to completely change the equipment used without
incurring large capital costs. However, by altering just the process conditions, the
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Table 1 Grinding parameters and energy consumption values for case study

L1 (mm) 30

L2 (mm) 0.045–0.01

Limestone Wi (kWh/t) 10.21

Ball mill Roller press mill Horomill

AE (kWh/t) specified 40 27.50 21

TME (kWh/t) calculated 18.88 14.63 15.55

B 47.20 – –

B1 – 53.20 –

B2 – – 74.06

0%

10%

20%

30%

40%

50%

60%

70%

80%

B B1 B2

B Ball mill Current scenario
B1 Roller press Improved scenario 1

B2 Horomill Improved scenario 2

Fig. 4 Efficiency values for current and potential improved scenarios

overall energy required could be reduced. For instance, modifying the charge amount
and pattern of the ball mill to increase the average surface area and the effective
contact surface of balls can enhance the production rate and, therefore, reduce elec-
tricity consumption [43]. Moreover, implementing closed-circuit grinding enhances
the overall efficiency of the mills [44]. Altun [45] discovered that altering the flow
sheet of the circuit can result in up to 4% in energy savings. Additionally, if both
coarse particles and very fine particles are minimized overall and the particle size
distribution is made more uniform, the energy consumption would be more stable
[40]. Advancements made in Waste Heat Recovery (WHR) systems make it a viable
option to improve overall efficiency beyond reducing the input energy [46]. The
currently available WHR systems are established in dealing with the heat produced
by the kilns [47]; however, systems targeting grinding circuits are lacking. According
to Napier [48], much can be done now to reduce granulation energy consumption by
up to 30%, and energy savings of over 50% will be attainable in the next 10 years
with technological advances currently under development.
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Conclusions

Enhancing energy efficiency is the most effective and environmentally benign
approach to meet the world’s energy demands. Reduction in energy supply invest-
ment is also a benefit of energy efficiency improvements. Many industrial processes
are energy inefficient, and therefore, the overall energy consumption is significantly
higher than what the best technology would allow.

This study is a step towards developing a framework for benchmarking energy
efficiency of foundation industries in relation to the minimum energy required to
execute the process. The framework incorporates benchmarking parameters that have
been established to benchmark energy efficiency for the granulation process. This
is due to its importance in the foundation industries and the fact that it is one of
the most energy-intensive processes. The energy taxonomy approach reveals the
elements accountable for actual energy use in the process. In this paper, a case study
has been presented to demonstrate how the proposed benchmarking concept can be
applied to a granulation process for cement production. The efficiencies of three types
of grinding machines have been computed relative to their theoretically obtained
minimum energy required. This allowed for the recognition of the most efficient
equipment as well as the energy that is not used directly for production. However,
optimising the process conditions could also enhance the efficiency without having
to change the equipment.

This is an ongoing project and will be explored further towards an advanced
level of the framework by introducing practical minimum and best practice values to
identify further energy saving and energy recovery opportunities. Moreover, some
case studies will be performed to evaluate the framework with the industrial partners
of TransFIRe. Further research is in progress to identify and benchmark the resource
efficiency of the common processes across the foundation industries.
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Alternative Fluxes for Lead Bullion
Refining

Samuel Asante and Patrick Taylor

Abstract The Harris process for lead softening uses sodium hydroxide and sodium
nitrate to remove arsenic, tin, and antimony from molten lead by oxidation. It is
known to be better than oxygen softening; however, the process has a higher cost
in terms of the reagents used. Sodium hydroxide is corrosive and expensive. In this
research, calcium carbonate, calcium hydroxide, and magnesium hydroxide were
used as alternatives for sodium hydroxide in the softening process. Based on the
initial results, the research focused on using calcium carbonate for subsequent soft-
ening process. In this study, the activities of the impurities, arsenic, tin, and anti-
mony, were calculated and compared with that obtained with sodium hydroxide as
the melt. The softening experiments were conducted on lead bullion by design of
experiment (DOE) method by varying temperature, time, and reagent quantity. The
dross obtainedwas analyzed chemically andwithX-ray diffraction (XRD) to identify
the phases formed. Experimental and theoretical results are presented.

Keywords Lead bullion · Dross · Alternative fluxes · Lead softening

Introduction

Secondary lead produced by recycling process accounts formuch of theworldmarket
for lead. Lead recycling is gaining prominence due to societal pressure to mitigate
health and environmental hazards of lead. Lead is a heavy metal, soft, malleable,
relatively low melting point, and high boiling point. It is silvery when freshly cut but
oxidizes to form a dull gray coating when exposed to air. The coating makes lead
resistant to corrosion as evidenced by its continuous use as water piping by ancient
Romans [1]. It is used in roofing and as coverings for electric cables [2]. Lead is used
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as shield to protect nuclear reactors because it can effectively absorb electromagnetic
radiation. The awareness of lead toxicity in recent times has restricted its usage in
water pipes, paints, and cosmetic powder. Children are at high risk of lead poisoning
and its effect on their mental development [3, 1]. Lead usage is recently dominated
by the automotive lead-acid battery. Lead is the most recycled metal; about 60% of
the world’s supply of lead is produced from recycling [3]. Lead is estimated to be 13–
20 ppm in the earth crust. Significant deposits of lead are in United States, Australia,
Spain, Germany, Canada, Africa, and South America. In the ancient times, lead was
mined and produced as co-product of silver [3]. Lead is mainly extracted from galena
which contains lead sulfide (PbS) and silver. Other lead ores are cerussite (PbCO3),
anglesite (PbSO4), and lead ochre (PbO) [3, 2, 1]. Primary lead is mainly produced
from galena which is often mined with zinc sulfides. Demand for zinc metal has
outweighed primary lead resulting in decline in mined lead [3]. Galena is concen-
trated by froth flotation; the concentrate contains impurities such as silver, copper,
tin, bismuth, gold, cadmium, arsenic, antimony, gallium, mercury, and germanium.
Lead refining process involves recovery of by-product such as silver and gold [3].

Lead production in the US mainly comes from secondary production. In January
2022, lead production from mines was 20,800 metric tons and 75,500 metric tons
from the secondary production (mostly from lead/acid batteries) [4]. In secondary
lead production, the alloying elements (in recycled acid/lead batteries) are removed
by refining processes. The presence of arsenic, tin, and antimony causes hardness in
lead, which is otherwise soft in its solid state. Softening process is used to remove
arsenic, tin, and antimony from lead bullion. The pyrometallurgical method for lead
softening process uses air (enriched air) or sodium hydroxide and sodium nitrate
(Harris process). Studies have been conducted by several investigators on lead bullion
to improve energy efficiency in electrorefining (Betts process), to optimize reagent
usage, and to understand the thermodynamics and kinetics of lead softening. There
is an ever-increasing interest in finding alternative reagents for the refining process.

The author has been investigating alternative chemistries and fluxes, which are
less expensive and less corrosive for lead bullion softening/refining. The scope of the
research is to find an alternative reagent for sodium hydroxide for both softening and
final refining largely because the physical chemistry of lead softening has not been
fully examined and there is a possibility to improve the process. The study examines
the thermodynamics of using calcium carbonate and sodium nitrate for the softening
process to remove arsenic, tin, and antimony.

Materials and Method

Materials

Lead (Pb 99.99%) and arsenic (As 99%) used for preparing crude lead were bought
from Thermo Scientific, and antimony (Sb: 99.5%) and tin (Sn: 99.5%) were from
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Sigma Aldrich. Calcium carbonate (CaCO3: 98%), sodium nitrate (NaNO3: 99%)
from Alfa Aesar, sodium hydroxide (NaOH: 98%), and magnesium hydroxide
(Mg(OH)2: 95%) from Sigma Aldrich were reagents used in this study.

Method

The crude lead was prepared based on average impurities concentrations of As, Sn,
and Sb from industrial partners as shown in Table 1. These are companies that funded
this research through Center for Resource Recovery and Recycling (CR3). Lead (Pb),
arsenic (As), tin (Sn), and antimony (Sb) were weighed. The lead was split into two
fractions, the first fraction of the lead was placed in the reactor vessel, and the
impurities were added on top of the lead in the reactor vessel. The second fraction of
the leadwas added on top of the impurities. The reactor vessel is coveredwith a lid and
sealedwith graphite casket. Type-K thermocouple is used tomeasure the temperature,
and at about 330 °C, the alloy (mixture) begins to melt. The stirrer/agitator is lowered
into the crucible (reactor vessel), and stirring speed was maintained between 400 and
500 rpm. A sample is drawn from themolten lead (alloy) at time t= 0; prior to adding
the reagents. The reagent is weighed and added to themolten alloy through the vortex
created by the stirrer. The agitator/stirrer is turned off after the required reaction time,
and the dross rises to the top of the molten lead and skimmed off. The stirrer is turned
on, and NaNO3 is added to the molten lead/alloy through the vortex. The stirrer is
turned off, and the dross is skimmed off. A sample is drawn from the molten lead
(softened lead), representing t = ‘end’.

The initial experiments were ran for 60 min using CaCO3, NaOH, Mg(OH)2, and
Ca(OH)2 as reagents. The quantity of reagent used in each experiment was 400 g. The
quantities of crude lead and sodium nitrate used were 5000 g and 450 g, respectively.
The experiments were run for 60 min, and samples were drawn at 15 min intervals.
In subsequent experiments, design of experiment (DOE) with full factorial with
one replicate was used to evaluate the effects and interactions of the following three
controllable factors: temperature (°C), reaction time (minutes), and reagent (CaCO3)
quantity (grams). Each factor had three levels: high, mid-, and low points. The levels
for temperature were selected based on the HSC equilibrium composition diagram.
The levels for reaction time (i.e., CaCO3 reaction time) were chosen based on the
maximum time practiced by industrial partners. The levels for reagent quantity used

Table 1 Impurities concentrations prior to softening process

Company Sb (ppm) As (ppm) Sn (ppm)

Company 1 2,400–2,600 9,000–11,000 900–1,100

Company 2 27,000–29,000 2,150–2,350 12,000–14,000

Company 3 34,000–36,000 7,400–7,600 7,400–7,600

Average concentration (ppm) 21,800 7,167 6,583
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Table 2 Levels of factors for
design of experiment for
refining 5000 g of crude lead

Level Factor 1:
temperature (°C)

Factor 2: time
(min)

Factor 3: reagent
quantity (g)

Low 400 10 16

Mid 450 15 24

High 500 20 32

was 86% (86%) less than stoichiometric quantity of the proposed reaction products.
This was to match amount used in industry. The quantity of sodium nitrate was
reduced by 77% (77%). The levels of factors for the design of the experiment are
summarized in Table 2.

Softening experiments were conducted for the CaCO3 and NaOH processes based
on the optimal parameters obtained from the DOE statistical analysis. In both experi-
ments, sodium nitrate was used as the oxidizing agent. The results are shown in Table
3. The activities of arsenic, tin, and antimony in the softened lead for the CaCO3 and
NaOH processes were calculated using mole fractions in the refined lead and activity
coefficients at the refining temperature. The calculated activities of the impurities for
the two processes are shown in Table 4.

Nitric acid was used to digest the samples. Sn, As, and Sb content in the solution
were analyzed by ICP-MS (inductively coupled plasma-mass spectrometry). The
acid used for digestion was reagent grade. The drosses were characterized using
XRD (X-ray Diffraction).

Results and Discussion

Softening Processes for Reaction Time of 60 Min

Initial experiments in the research were performed using Mg(OH)2, Ca(OH)2,
CaCO3, and NaOH as reagents. Sodium nitrate was used as the oxidizing agent HSC
thermochemistry software was used to determine the feasibility of these reagents for
the removal of arsenic, antimony, and tin from crude lead. The chemical analyses of
these experiments are shown in Figs. 1, 2, and 3. Figure 1 shows the effect of time on
arsenic content in crude lead for experiments with NaOH, Mg(OH)2, Ca(OH)2, and
CaCO3 as reagents. In all these experiments, sodium nitrate was used as the oxidizing
agent. As shown in Fig. 1, there was sharp decrease in arsenic concentration from
0 to 15 min; concentrations decreased by 55, 46, 35, and 30% for NaOH, CaCO3,
Mg(OH)2, and Ca(OH)2, respectively. From 15 to 60 min, the arsenic concentration
decreased gradually for all the reagents. The overall decreases in arsenic concen-
trations after one hour of the softening experiments were 80, 52.1, 52.2, and 52.7%
for NaOH, CaCO3, Mg(OH)2, and Ca(OH)2, respectively. Figure 2 shows the effect
of time on tin concentration. As shown in Fig. 2, there is a general decrease in tin
content for all the reagents. The decreases in tin concentration from 0 to 15 min were
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Table 4 Comparison of activities of impurities for CaCO3–NaNO3 and NaOH–NaNO3 processes

Reagent Activity of arsenic Activity of tin Activity of antimony

Feed Product Feed Product Feed Product

CaCO3–NaNO3 0.02476 0.00838 0.09831 0.02169 0.02844 0.01220

NaOH–NaNO3 0.02476 0.00528 0.09831 0.00423 0.02844 0.01044

28.5, 19.8, and 13.7% for NaOH, Ca(OH)2, and CaCO3, respectively. Tin concen-
tration decreased gradually from 15 to 60 min. The overall decreases in tin content
in the crude lead during the softening processes were 71.8, 66.7, 68.0, and 68.2%
for NaOH, Mg(OH)2, CaCO3, and Ca(OH)2, respectively. Figure 3 shows antimony
concentration over time using NaOH, Mg(OH)2, Ca(OH)2, and CaCO3 as reagents;
and sodium nitrate as the oxidizing agent. The figure shows a sharp decrease in
antimony concentrations from 0 to 15 min for all reagents. The decreases in anti-
mony concentration from 0 to 15 min were 61.1, 64.9, 39.6, and 35.1% for NaOH,
Mg(OH)2, Ca(OH)2, and CaCO3, respectively. Tin concentration decreased gradu-
ally from 15 to 60 min. The overall decrease in tin content in the crude lead during
the softening processes were 84.9, 86.3, 82.5, and 74.1% for NaOH, Mg(OH)2,
CaCO3, and Ca(OH)2, respectively. Based on the results on the initial experiments,
calcium carbonate was chosen as alternative for sodium hydroxide because it was the
cheapest among the reagents used and its effectiveness in removing the impurities
was relatively better than Mg(OH)2 and Ca(OH)2.

Fig. 1 Effect of time on
arsenic content in the crude
lead at 450 °C for 60 min
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Fig. 2 Effect of time on Sn
content in the crude lead at
450 °C for 60 min
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Fig. 3 Effect of time on
antimony content in the
crude lead at 450 °C for
60 min
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Chemical Analyses of the Design of Experiment Based
on Stoichiometric Quantities

Figures 4, 5, and 6 show the results of the design of experiment. The reaction time
for the CaCO3 was 15 min. Quantity of CaCO3 used in these experiments was based
on the stoichiometric equations from the proposed reactions Figs. 4, 5, and 6 derived
from HSC thermochemistry software. Mass of crude lead used was 5178 g (with
96,44 wt.% Pb, 2.18 wt.% Sb, 0.72 wt.% As, and 0.66 wt.% Sn) and 124 g of
sodium nitrate. Figure 4 shows the effect of calcium carbonate quantity on arsenic
removal; as shown in the figure, increasing the calcium carbonate quantity from 98
to 243 g did not result in significant decrease of arsenic concentration in the product
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Fig. 4 Effect of calcium
carbonate quantity on arsenic
conten: experiment
conducted at 400 °C for
15 min

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

98 155 243

As
 C

on
ce

nt
ra

tio
n 

(w
t.%

)

Quantiy of CaCO3 (grams)

As Concentration over CaCO3 quantity

As in Feed
As in Product

400oC, 15min

bullion. Figure 5 shows the effect of calcium carbonate quantity on tin removal.
It was observed that increasing the calcium carbonate quantity from 98 to 243 g
had the same effect on tin concentration in the product bullion for a reaction time
of 15 min. As shown in the figure, tin content decreased by 99.9% with a mass
ratio of calcium carbonate to crude lead of 0.019:1. Hence, using the minimum
mass ratio of calcium carbonate to crude lead based on the stoichiometric quantity
can reduce tin concentration in the bullion by 99.9%. Figure 6 shows the effect of
calcium carbonate quantity on antimony removal. It was observed that increasing
the mass ratio of calcium carbonate to crude lead from 98 to 243 g did not result
in significant decrease of antimony concentration in the product bullion. This is
attributed to the insufficient quantity of sodium nitrate, the main oxidizing agent
used in the experiment. The oxidation of the impurities decreases in the order: As >
Sn > Sb.

Interpretation of Results of the Design of Experiment

The mass ratio of CaCO3 to crude lead was reduced by 86% of the stoichiometric
amount as shown in Table 2. This was to conform to current industrial practices
where the mass ratio of NaOH to crude lead is approximately 0.0025:1. Pareto chart
was used to visually depict factors and or interactions that are more significant in the
softening process. Figures 7, 8, 9, and 10 are the Pareto charts for results of lead (Pb),
arsenic (As), tin (Sn), and antimony (Sb), respectively. As shown in Fig. 7, the main
factors, time and temperature, and the two-way interactions of ‘temperature-time’
and ‘temperature-reagent quantity’ impacted the lead concentration significantly.
The main effect: ‘reagent quantity’ was not a significant factor. From Fig. 8, time,
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Fig. 5 Effect of calcium
carbonate quantity on tin
content; experiment
conducted at 400 °C for
15 min
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Fig. 6 Effect of calcium
carbonate quantity on
antimony content:
experiment conducted at
400 °C for 15 min
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temperature-time, and temperature-reagent quantity were themost significant factors
in arsenic removal. Temperature and reagent quantity were not significant factors.
According to Fig. 9, interactions of temperature-time and temperature-reagent quan-
tity are significant in the tin removal. Time, temperature, and reagent quantity were
not significant factors because they were below the reference line. For the antimony
removal, time was the most significant factor as shown in Fig. 10.

Nature of Dross

Solid dross was formed during the refining process. The first dross is obtained after
the calcium carbonate (CaCO3), or sodium hydroxide (NaOH) is added to the molten
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Fig. 7 Pareto chart for Pb results

Fig. 8 Pareto chart for As results
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Fig. 9 Pareto chart for Sn results

lead and ran for the required reaction time. The second dross is formed when sodium
nitrate (NaNO3) is added to the molten lead. The calcium carbonate does not melt at
the softening process temperature; a solid dross was formed for the entire reaction
time. Initial dross formed by sodium hydroxide or sodium nitrate is molten; however,
viscosity increases during the refining process which subsequently turn solid. The
dross formed by calcium carbonate is relatively fine powder with little or no entrained
lead as shown in Fig. 11. The calcium carbonate changes from white to yellow or
brown. As shown in Fig. 12, the dross formed by NaOH was coarser with much
entrained lead.

Characterization of Dross and XRD Plots

TheCaCO3 dross andNaOHdrosswere characterized usingXRD.TheXRDpatterns
show PbO, Sb2O3, As4O6, and SnO2 as the major phases in both drosses as shown
in Figs. 13 and 14. The phases found in the drosses were relatively similar as both
sodium hydroxide and calcium carbonate cannot remove or oxidize the impurities
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Fig. 10 Pareto chart for Sb results

Fig. 11 CaCO3 dross
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Fig. 12 NaOH dross

[5]. The sodium arsenate and sodium stannate, which are found in literature [6] as
the sodium salts for Harris process, were undetected. Calcium arsenate and calcium
antimonite from the proposed CaCO3 process were not detected. This is attributed
to the low concentrations of the calcium salts at 500 °C because calcium carbonate
does not decompose at this temperature.

Fig. 13 XRD pattern of CaCO3 dross
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Fig. 14 XRD pattern of NaOH dross

Thermodynamic Consideration

Caustic Soda Refining of Lead

The Harris process of lead refining to remove arsenic, tin, and antimony from lead
bullion using sodium hydroxide and sodium nitrate is made up of the following
reactions [3]:

2As + 2NaNO3 + 4NaOH = 2Na3AsO4 + N2(g) + 2H2O(g) (1)

5Sn + 4NaNO3 + 6NaOH = 5Na3SnO3 + 2N2(g) + 3H2O(g) (2)

2Sb + 2NaNO3 + 4NaOH = 2Na3SbO4 + N2(g) + 2H2O(g) (3)

Calcium Carbonate Refining of Lead

Similarly, the proposed reactions for the ‘modified’ Harris process for lead refining
to remove arsenic, tin, and antimony from molten lead using calcium carbonate and
sodium nitrate are:

2As + 2NaNO3 + 3CaCO3 = Ca3(AsO4)2 + Na2O + N2(g) + 3CO2(g) (4)

5Sn + 4NaNO3 + 5CaCO3 = 5CaSnO3 + 2Na2O + 2N2(g) + 5CO2(g) (5)
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2Sb + 2NaNO3 + 3CaCO3 = Ca3(SbO4)2 + Na2O + N2(g) + 3CO2(g) (6)

Arsenic Removal

It is stated in the literature that arsenic can be removed from lead with the addition of
caustic soda without oxidizing agent [3]. However, the reaction does not correspond
to reaction (7) because of the high positive Gibbs free energy at 450 °C (723 K) [6].
Thermodynamic calculations of possible reaction equations are:

2As + 6NaOH = 3Na2O + As2O3 + 3H2 (7)

�G723K = 117.739 kcal

2As + 6NaOH + O2 = 3Na2O + As2O3 + 3H2O (8)

�G723K = −31.154 kcal

2As + O2 = As2O3 (9)

�G723K = −113.309 kcal

The reaction (9) has the greatest probability of removing arsenic from lead bullion.
Similarly, thermodynamic data for possible reaction equations between calcium

carbonate and arsenic are:

2As + 3CaCO3 = As2O3 + 3CaO + 3CO (10)

�G723K = 90.330 kcal

2As + 3CaCO3 + O2(g) = Ca3(AsO4)2 + 3CO2(g) (11)

�G723K = −205.922 kcal

Reaction (11) has the greatest possibility since the Gibbs free energy is negative.
This suggests that sodium hydroxide or calcium carbonate cannot remove arsenic
from molten lead without the presence of an oxidizing agent. The removal of tin
and antimony by NaOH and CaCO3 is represented by reactions Eqs. (12–19). From



272 S. Asante and P. Taylor

reactions Eqs. (12, 13, 16, and 17), tin and antimony cannot be removed frommolten
lead without oxidizing agent.

Sn + 4NaOH = SnO2 + 2Na2O + 2H2(g) (12)

�G723K = 52.255 kcal

Sn + 2CaCO3 = SnO2 + 2CaO + 2CO(g) (13)

�G723K = 33.969 kcal

Sn + 2PbO = SnO2 + 2Pb (14)

�G723K = −31.415 kcal

5Sn + 4NaNO3 = 5SnO2 + 2Na2O + 2N2(g) (15)

�G723K = −440.874 kcal

2Sb + 6NaOH = Sb2O3 + 3Na2O + 3H2O(g) (16)

�G723K = 107.376 kcal

2Sb + 3CaCO3 = Sb2O3 + CaO + 3CO(g) (17)

�G723K = 79.948 kcal

2Sb + 2NaNO3 = Sb2O5 + Na2O + N2(g) (18)

�G723K = −114.461 kcal

2Sb + 3PbO = Sb2O3 + 3Pb (19)

�G723K = −18.328 kcal
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Conclusion

This study provided important information to understand the thermodynamics and
mechanism of Harris process. It provided knowledge base understanding of indus-
trial practice. Under the same conditions, the NaOH–NaNO3 produced a refined lead
of 99.04 wt.% and the CaCO3–NaNO3 produced refined lead of 98.70 wt.%. It was
discovered that sodium hydroxide and calcium carbonate do not oxidize (remove)
arsenic, tin, and antimony. The reactions are not thermodynamically feasible with
high positive Gibbs free energies. Atmospheric oxidation of the impurities occurs
prior to reaction with caustic soda or calcium carbonate. The impurities removal
mainly depends on the quantity of sodium nitrate, the main oxidizing agent. The
Pareto charts showed that calcium carbonate was not a significant factor for the
removal of arsenic, tin, and antimony. Time and temperature were significant param-
eters for impurities removal. In using the stoichiometric quantities of calcium
carbonate and sodium nitrate based on the average impurity concentrations from
industrial partners and HSC reaction models, it was observed that 99.29% of tin
was removed at 400 °C for CaCO3 reaction time of 15 min. The average concentra-
tion of antimony removed by NaOH–NaNO3 and CaCO3–NaNO3 processes were
57.9% and 47.9%, respectively. This is attributed to insufficient quantity of sodium
nitrate used in the softening processes. The phases identified in bothCaCO3 dross and
NaOHdrosswereAs4O6, PbO, SnO2, and Sb2O3. The residual calcium content in the
softened lead was 0.006 wt.%, which is below the threshold of 0.1 wt. %. Calcium
concentration of 0.1wt.% increases the rate of oxidation of lead (i.e., it corrodes
lead) [7]. Oxidation of the impurities is by direct (i.e., NaNO3 or air/atmospheric)
and indirect via lead oxide.
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Comprehensive Utilization of Copper
Slag in a Pyro-Hydrometallurgical
Process for Iron Phase Reconstruction
and Valuable Metals Recovery

Changda Zhang, Bin Hu, Minge Yang, Guiqing Zhang, Shijie Zhao,
Zhiqin Liao, Qiuxiang Liu, and Mingyu Wang

Abstract Copper slag is a major waste produced in pyrometallurgical plants during
the smelting and converting operations and has caused heavy environmental contam-
ination. A pyro-hydrometallurgical process for the treatment of copper slag has
been developed to accomplish recovery of nickel, cobalt, and copper and reuse
of iron source. It was proved that the slag phase was reconstructed by sulfation-
sulfate decomposition roasting followed by water leaching, over 95% iron existing
as hematite was transferred into residues which were subsequently to produce iron
concentrates. Nickel-cobalt mixed hydroxide precipitate was obtained from liquors
after the separations of copper, iron, and aluminum step by step. By adding concen-
trated HCl to re-dissolve the precipitate, then cobalt was extracted over nickel using
extraction agent N235 and the raffinate was subsequently crystallized to produce
nickel chloride by introducing HCl gas. On the basis of the optimum conditions
from a laboratory-scale test, about 70% of copper, nickel, and cobalt were recovered
as respective product, indicating the feasibility of the process.

Keywords Copper slag · Roasting · Leaching · Copper · Nickel · Cobalt ·
Hematite

Introduction

Copper slag, as a typical hazardous waste generated primarily during smelting and
converting operations in pyrometallurgical plants, is an important secondary resource
containing not merely Fe, Cu, Zn, Pb, in particular, Ni, and Co. It is estimated that
2.2–3 tons of copper slags are generated per ton of copper produced, but unfortu-
nately, more than 80% of that, worldwide, is discarded directly without a suitable
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treatment, which not only wastes the limited valuable resources, but occupies space
and causes potential pollution [1]. In recent decades, attention towards considerable
accumulation of slags and contamination of the environment has been paid, which
stimulates researches for the purpose of recycling and cleaning these slags.

Currently, numerous literatures have reported that the copper slag can be applied
as an additive to produce sand-blasting, abrasive tools, cement, and pavements [2].
However, the economic benefits of copper slag lie in the valuable and recyclable
metals it contains. A pyrometallurgical modification process relying on reduction
roasting, smelting reduction, or molten oxidation [3–5] followed by beneficiation
methods such as flotation, magnetic separation, or gravity separation [6, 7] have been
certified formetallurgical recycling of different types of copper slags. The pyrometal-
lurgical processmainly focuses on the iron and copper content recovery as high-grade
magnetite, metallic copper (or matte), or iron-enriched alloys. Hydrometallurgical
treatment is becoming increasingly popular due to its lower energy consumption,
easier operation, and recovery ability [8, 9]. However, by-products generated during
the leaching process are discarded directly and cause a non-negligible environmental
problem. Presently, a high-pressure oxidative acid leaching (HPOXAL) technology
has gradually replaced the traditional processes of atmospheric acid leaching and
oxidant-assisted acid leaching, as it avoids serious problems such as dissolution of
iron, generation of silica gel, high acid consumption, and long leaching duration for
the treatment of copper slag [10, 11]. Meanwhile, Li [12] found that fayalite phase in
copper slag can be transformed into hematite and amorphous silica after HPOXAL
process, which was subsequently used as iron enrichment material. To minimize the
stacked time and grinding costs before leaching, molten copper slags were treated
by quick water quenching instead of slowly natural cooling common in industry.
Unfortunately, amorphous copper slags will not obtain an unsatisfied metal extrac-
tion efficiency while using HPOXAL [13]. Baghalha [14] compared the HPOXAL
performance for different copper slags treated bywater quenching andnatural cooling
methods and found that the leaching of Ni, Co, and Cu from quenched slags only
reached 20–30%, whereas 75–85% of Ni, Co, and Cu could be leached from the
latter under the same conditions. On another level, for economic reasons, HPOXAL
is not an alternative approach for depleted copper slags containing <4% Cu, <0.5%
Co, and <2% Ni [15].

In our previous studies, the processes of sulfation-sulfate decomposition roasting,
water leaching, re-dissolving of the nickel-cobalt mixed precipitate, solvent extrac-
tion, and crystallization have been discussed in detail and each optimumcondition has
been determined under laboratory-scale. This work focus on the intermediate purifi-
cation and separations processes of the leaching liquors. The recovery of copper and
removal of impurities have been investigated. Finally, a conceptual process has been
proposed based on laboratory-scale test and was performed to verify the feasibility
of that under experimental conditions.
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Table 1 XRF elemental analysis of the copper slag

Element O Ca Mg Al Si Fe Co Ni Cu S

Content (wt.%) 34.47 2.35 3.53 3.90 18.50 36.98 0.16 0.53 0.26 1.14

Materials and Methods

Materials

Copper slag used in this studywas cooled bywater quenching, froma copper smelting
plant, China Minmetals Corporation. The copper slag was first crushed and ground
into−200mesh powder before the experiment. XRF-1800 X-ray Fluorescence spec-
trometry (XRF) (Shimadzu, Japan) chemical analysis result is shown in Table 1. The
X-ray diffraction (XRD)patterns of the solid statewere recordedby aRigakuD/MAX
2200 Diffractometer (Rigaku, Japan).

Methods

Copper slag was roasted in amuffle furnace equiped with predetermined temperature
function. The leaching of calcine and the precipitations of metals from liquors were
carried out in a 500 mL magnetic agitated flask heated by an electric hot jacket. The
produced slurry was filtered by vacuum filtration. Solvent extraction was conducted
by contacting aqueous and organic solutions in a 60 mL pear-shaped funnel and
mechanical shaking. The concentrations of metal ions in the solutions were all deter-
mined by ICP-AES (PS-6, U.S.A.). The pH values of the aqueous solutions were
measured with a pH/mV meter (Model PHS-3C, China).

Results and Discussion

Roasting and Leaching

In the previous work [16], the optimal conditions for two-step roasting and water
leaching have been determined by single factor experiment. Combined sulfation
roasting (80 wt.% H2SO4, 200 °C, 1 h) and sulfate decomposition roasting (650 °C,
1 h) showed that the phase of iron undergoes a transition from fayalite to hematite,
as indicated in Fig. 1. Subsequently, leaching process can effectively extract nickel,
cobalt, and copper with 2 mL water per gram of solids at 90 °C for 0.5 h.
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Fig. 1 XRD patterns of solids from a Raw slag, b Sulfation roast. c Sulfate decomposition roast

Chemical Precipitation

After water leaching, the iron powder was used to replace copper from liquors at
home temperature, during which the reactions of (1) and (2) might occur.

Cu2+ + Fe = Fe2+ + Cu (1)

Fe + 2H+ = Fe2+ + H2 (2)

Figure 2 shows the effect of the Fe/Cu ratio on the precipitation of copper, nickel,
and cobalt with reaction time of 30 min. As can be seen, the reduction of Cu2+ rises
from 46.12 to 99.89% as the Fe/Cu ratio rises up to 1. Further additions of iron power
resulted in an insignificant increase in the precipitation of copper, but the excess iron
powder will react with hydrogen ions according to Eq. (2), resulting in an increase in
the pH of the solution. Simultaneously, it should be noticed that the loss of nickel and
cobalt also increased slowly with an increase in Fe/Cu ratio, which was caused by
the increase of solution pH, resulted in the hydrolysis of metal cations and inevitable
physical adsorption. In order to increase the recovery of copper as much as possible
and decrease the loss of nickel and cobalt, 1.2 Fe/Cu ratio was selected. The copper
precipitation rate was 99.91%, and the loss rate of nickel and cobalt was 0.32% and
0.25%, respectively.

Figure 3 shows the effect of the reaction time on the deposition efficiencies of
copper, nickel, and cobalt with a Fe/Cu ratio of 1.2. The deposition efficiency of
copper increased from 92.67 to 99.96% with the increase of reaction time from 10
to 30 min and then approximately reached the optimal condition. On the other hand,
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Fig. 2 Effect of Fe/Cu ratio on the precipitation efficiency of metals

the loss of nickel and cobalt increased slowly from 0.14 to 0.62% and from 0.12%
to 0.58%, respectively, varying the reaction time from 10 to 50 min. Similarly, it
was observed that the pH value increased slightly with the reaction time increasing,
which resulted in the loss of nickel and cobalt. Therefore, the reaction time was set
at 30 min in further precipitation experiments to optimize copper recovery whilst
reducing the losses of nickel and cobalt.

Subsequently, the iron ions were removed by precipitation in the form of sodium
jarosite, as expressed by Eq. (3). Under the most suitable conditions of 1.1 times
stoichiometry Na2SO4 addition, reaction at 95 °C for 4 h maintaining pH of the
precipitation process at 1.4–1.9 using magnesia as the neutralizer, the removal of
iron was 99.99%, whilst the loss of nickel or cobalt was both below 1%.

6FeSO4 + 3H2O2 + Na2SO4 + 6H2O = Na2Fe6(SO4)4(OH)12 ↓ +3H2SO4 (3)

Figure 4 illustrates different precipitation pH formetals. Over 99.9% of aluminum
was removed in pH range of 4.5–5 using magnesia. Similarly, nickel and cobalt were
co-precipitated over calcium and magnesium in the range of 7.5–8.0 at 60 °C for 4 h.

Solvent Extraction and Crystallization

Prior to the extraction of cobalt, the mixed nickel-cobalt precipitate was re-dissolved
using HCl solution and then purified by extractant P204(D2EHPA). Subsequently,
extractant N235 (R3N, R = C8–C10, tertiary amine) was employed to selectively
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Fig. 3 Effect of reaction time on the precipitation efficiency of metals

Fig. 4 Lg[Men+]-pH curves of different metal cations
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Table 2 Optimal conditions and results of extraction, scrubbing, and stripping

Element
(g·L−1)

Extraction (30 vol.% N235 + 15
vol.% TBP + 55 vol.% kerosene;
O/A = 2; 5 min)

Scrubbing
(6 mol/L
HCl;O/A =
20; 5 min)

Stripping (water;O/A =
5;5 min)

Feed Raffinate Loaded
organic

Scrubbed
organic

Stripped
organic

Strip liquor

Co 20.38 0.002 12.18 11.9 0.001 69.57

Ni 62.6 65.4 0.03 0.002 – 0.01

Mg 3.06 3.05 0.01 0.001 – 0.006

extract cobalt over nickel and magnesium. The extraction mechanism can be
expressed as the Eqs. (4) and (5), respectively. The suitable conditions and results of
extraction of cobalt were shown in Table 2 [17].

Men+ + n(HX) = MeXn + nH+ (4)

2R3NHCl + (CoCl4)
2− = (R3NH)2CoCl4 + 2Cl− (5)

By usingHCL gas, nickel chloride was subsequently crystallized overmagnesium
from raffinate. The pregnant liquor can be recycled to the dissolving circuit for reuse.

Proposed Process and Products

Based on the above experiment results, a comprehensive utilization and conceptual
process for the recovery of nickel, cobalt, and copper and further reuse of iron source
are proposed in Fig. 5. Firstly, the purity of crystallized NiCl2 · 4H2O (Product
1) meets the standard specification. The selective treatment of high purity cobalt
chloride solution (Product 2) can be selled as semi-finished product or be electrolyzed
to producemetallic cobalt. The use of the sponge copper (Product 3) mixed with little
iron as a alloying additive is also particularly attractive as it can be used to produce
copper oxide after the removal of iron. And the hematite (Product 4) generated during
water leaching can be further treated by flotation, reverse flotation, or reduction-
magnetic process as reported by Mowla and Ponomar [18, 19], in order to make the
entire process more economical.
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Fig. 5 Flowsheet of valuable metals extraction from copper slag

Conclusions

A pyro-hydrometallurgical process for the treatment of copper slags has been devel-
oped combining with roasting, leaching, chemical precipitation, solvent extraction,
and crystallization. Over 99.9% copper was selectively recovered by adding 1.2
times stoichiometry amounts of iron powder, reaction for 30 min from the leach
liquor. The selective removal of iron and aluminum as sodium jarosite and aluminum
hydroxide, respectively, was conducted by chemical precipitation. Nickel-cobalt
mixed hydroxide precipitate was obtained from magnesium-rich sulfate liquors by
adjusting pH in the range of 7.5–8.0, and precipitation duration of 4 h at 60 °C. Under
the optimized conditions in the overall process, over 70% nickel, cobalt, and copper
can be recovered from copper slags at laboratory-scale and produced four marketable
products: hematite, sponge copper, concentrated cobalt chloride solution, and nickel
chloride which make the process economically favourable with sustainable benefits.
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Critical Review of Chemical Metallurgy
of Tungsten

Raj P. Singh Gaur

Abstract Tungsten is one of the most important refractory metals as it is used in the
production of numerous end use items such as tungsten and tungsten carbide parts.
Tungsten is also used in themanufacturing of steels, super alloys, and catalysts. Other
applications of tungsten are in the manufacturing of tungsten-copper and tungsten-
silver composites. Tungsten from its concentrates and secondary sources is processed
as high-purity ammonium para tungstate (APT). Currently, there are two main APT
production processes: one uses solid ion exchange and the other uses liquid ion
exchange. Both processes use multiple process steps and generate large amount of
process wastewater. Other serious problem of APT production is the difficulty in
the availability of tungsten sources especially to the plants outside China. The ore
concentrates available to some tungsten processors in the market may be low grade
ores and/or the high grade ores containing large amount of critical impurities such
as Mo and/or radioactive elements. This paper will discuss some of these issues and
also some process-related issues such as equipment scaling, loss of LIX solvents,
tungsten losses in the overall process, and large volume of process waste water,
especially in the solid ion exchange method. Due to the proprietary nature of the
work, literature from only presentations and publications will be presented. This
paper will also discuss the recent literature, related to new conceptual APT process
which could lead to increased efficiency, energy reduction, and waste minimization.

Keywords Tungsten · Chemical processing · Tungsten ore concentrates ·
Tungsten scraps · Sodium tungstate · Ammonium para tungstate · Digestion ·
LIX · Crystallization
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Introduction

Tungsten is one of the critical and strategic refractory metals. It is used in the manu-
facturing of super alloy, hard metals (cemented carbide), and important catalysts
[1]. Other applications of tungsten are in the manufacturing of W-Cu and W-Ag
composites [2] with typical applications in high-, medium-, and low-voltage circuit
breakers, resistance welding electrodes, electrode materials for electrical discharge
machining, and heat sink materials for microelectronic packaging. In military appli-
cations, tungsten is employed in the manufacturing of high kinetic energy penetra-
tors [1]. Tungsten chemicals also have important applications in the fields other than
catalysts as reported by Christian et al. [3].

Until 1930, the largest consumption of tungsten was in the steel industry and only
a small percentage was used in lamps and cemented carbides [1]. Today cemented
carbides/metal cutting tools use more than 50% of the produced tungsten. Since
1910 tungsten production has also been continuously growing to over 30 thousand
ton per year in recent years. In a recent article, Zeiler et al. [4] reported on the
global breakdown of first-use segments for tungsten in 2016. According to this article
in 2016, 65% of tungsten was used in tungsten carbide products, 17% was used
in steel and superalloys, 10% was used in W-metal powders and 8% was used in
chemicals and other applications. In the following section, we will briefly review
the tungsten chemical process including available tungsten sources for feeding the
tungsten producing plants.

Tungsten Feeds Used in Tungsten Chemical Plants

Most of the raw materials currently used in tungsten chemical production comprised
high grade tungsten ore concentrates and synthetic concentrates obtained from recy-
clable tungsten scraps [4–11]. Table 1 presents the approximate compositions of
tungsten carbide scraps and two high grade ore concentrates of tungsten namely
wolframite and scheelite. As can be seen in Table 1, all four types of tungsten feeds
have 50% or higher W. Scraps samples in addition to W also has Co and Ta which
are separated during tungsten processing of these feeds. Cobalt and tantalum are
processed separately.

Tungsten Ores

Two main economic minerals of tungsten are: Wolframite [(Fe, Mn)WO4] and
scheelite(CaWO4). Approximately two-thirds of the world tungsten reserves consist
of scheelite deposits [1]. The wolframite group consists of three minerals: ferberite,
wolframite, and hubnerite. The iron-rich tungstate (FeWO4, WO3 content 76,3%)



Critical Review of Chemical Metallurgy of Tungsten 287

Table 1 Approximate compositions of main tungsten feeds (Ref. [6])

Element Soft scrap (%
Weight)

Hard scrap (%
Weight)

Wolframite (%
Weight

Scheelite
(%Weight)

Al 0.1 – 0.2 0.4

Bi – 0.4

Ca – 0.8 13

Co 6.8 6.0 –

Fe 0.6 0.6 12 1.8

K – 0.05

Mg – 0.5

Mn – 2.4 0.2

Mo 0.1 – 0.04

Nb <0.2 0.4 –

Ni 0.8 0.2 –

P – 0.14

S – 2.0

Si – 3.9 2.0

Ta 2.5 2.8 –

Ti 1.2 1.8 0.05

W 84.6 67.9 52 56

is ferberite, the manganese-rich tungstate (MnWO4, WO3 content = 76.6%) is
hubnerite, and the iron-manganese mixed tungstate ((Fe, Mn)WO4, WO3 content
= 76.5%) is wolframite. Wolframite contains between 20 and 80% each of FeWO4

and MnWO4 in their pure form. Concentration of wolframite from its ores is typi-
cally carried out by gravity and magnetic methods, as wolframite occurs mainly in
vein-type deposits whose mineralization is much coarser than to most scheelite ores.

The mineral scheelite (calcium tungstate, CaWO4) is normally found in quartz
veins and in contact with skarn ores of complex mineralogical composition. These
skarn minerals include garnets, pyroxene, and amphibole, and other minerals such
as calcite, apatite, and quartz. Scheelite ores can be classified into five different
categories: (1) simple scheelite ore, (2) scheelite-sulfides ore, (3) scheelite-cassiterite
ore, (4) scheelite-calcite-apatite ore, and (5) scheelite-powellite ore. From an ore,
scheelite is typically concentrated via a flotation process [12–14].

In a typical scheelite ore concentration process, the ore (containing 0.4–0.6%W)
from the mine is brought to the plant and is fed to the grinders to grind below 200
mesh. The ground scheelite is treated in different processing steps to produce two ore
concentrates: high grade ore and flot grade ore as can be seen in Fig. 1. Normally, the
content of scheelite in a scheelite ore concentrate is expected to be more than 80%
(tungsten content ≈ 56%). However, flot grade with WO3 content as low as 13.9% is
also reported [1, 8]. Scheelite (CaWO4) in flot grade ore concentrates is associated
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Fig. 1 a Scheelite ore to scheelite ore concentrates. Taken from Ref. [6]. b A glimpse of the
industrial sulfide flotation process

with other calcium phases (such as CaCO3 and apatite), iron sulfides, and silicate
minerals (phlogopite/mica, etc.).

It is clear from the flow diagram presented in Fig. 1 that during scheelite ore
concentration process, both ore concentrate: high grade and flot grade are produced.
The approximate composition of a typical flot grade ore along with high grade
ore is presented in Tables 2 and 3. Table 3 presents the comparison of high
grade and flot grade ore concentrates impurity phases contents. In flot grade ore,
following crystalline phases were determined by XRD: Scheelite: CaWO4, Phlo-
gopite: KMg3(Si3Al)O10(OH)2 and Talc: Mg3Si4O10(OH)2, Calcite (CaCO3), Chal-
copyrite: CuFeS2 and Pyrrhotite: Fe1 − xS as well as apatite (Ca5(PO4)3(OH)). Out of
these compounds, iron sulfide phases have most negative effect on their processing
in a tungsten chemical plant.

Some tungsten producing plants have tighter spec on sulfur in tungsten ore concen-
trate and would not accept out of spec concentrates for processing. Presence of iron
sulfide phases in flot grade concentrates could be further reduced by reverse flota-
tion [15] or by producing a mid-grade concentrate instead two separate flot and high
grade concentrates.

Another problem in processing flot grade concentrates is their organics content.
Flot grade concentrates typically are not heat-treated to burn the flotation chemicals.
Upon request from the APT plant, ore processors could heat-treat (calcining at about
1000°F) flot grade ore concentrate similar to the high grade ore concentrate and can
also perform magnetic separation for additional removal of sulfide phases.
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Table 2 XRF analysis of a typical high grade and flot grade scheelite ore concentrates

Elements High grade scheelite ore
concentrate (a) weight (%)

High grade scheelite ore
concentrate (a) weight (%)

Flot grade scheelite ore
concentrate weight (%)

Al 0.21 0.4 0.5

As 0.2 – –

Ca 12 13 10

Cu 0.03 – 1.6

Fe 2.5 1.8 8.8

K 0.26 0.05 0.44

Mg 0.14 0.5 4.5

Mn 0.13 0.2 0.12

Mo 0.22 0.04 <0.01

P 0.16 0.14 0.74

S – 2.0 8.6

Si 1 2.0 6.6

W 58 56 20.6

Table 3 Comparison of high
grade and flot grade ore
concentrates

Component High grade ore
weight (%)

Flot grade ore
weight (%)

CaWO4 (scheelite) 88 32

Phlogopite and talc 8 33

Calcite 1–2 14

Chalcopyrite and
Pyrrhotite

– 17

Apatite 2–3 4

Tungsten Scraps

There are two types of tungsten carbide scrap available in the market [15]. Typically,
these are known as hard scrap and soft scrap. XRF analysis of typical samples of
soft and hard scrap is presented in Table 1. A detailed article on currently available
tungsten scraps and other related topics is recently reported by Zeiler et al. [4].

As a definition, soft scrap pertains to all tungsten containing scrap that does
not have a defined shape; it typically contained the rejects of the manufacturing of
tungsten products such as wires, coils, powders, and turnings [7]. Soft scrap also
contains some organics. However, presence of organics does not create problems in
processing, as most soft scraps are calcined at high temperature to convert it to WO3

and CoWO4.
Hard scrap is made of worn tools such as cutting and drilling tool bits of tungsten

carbide hard metals. The major component of hard scrap is tungsten carbide and
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cobalt; however, it does contain some other elements such as Ti, Ta, Nb, and V along
with WC–Co. Processing of hard scrap is mostly done by zinc reclaim process [16].

Possessing of Tungsten from Its Feeds

There are three important tungsten compounds produced during the processing of
tungsten feeds. These are sodium tungstate (Na2WO4), tungstic acid (H2WO4), and
ammonium paratungstate (APT: (NH4)10(H2 W12O42) · 4H2O). In the old method of
tungsten processing, typically CaWO4 (scheelite) was treated with HCl to convert
it to tungstic acid which was then converted into APT after dissolution in NH4OH
followed by evaporation crystallization (Fig. 2).

In the old method of wolframite processing, concentrate was first converted
to sodium tungstate via alkali roasting which was then converted to scheelite,
followed by HCl treatment to make H2WO4 and APT similar to scheelite concen-
trate processing. Figure 3 below presents the steps involved in the old process. The
chemical Eqs. (1)–(6) illustrate the chemistry of the procedures involved.

Fig. 2 Flow diagram of old method of chemical processing of tungsten from scheelite and
wolframite. Ref. [8]
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Fig. 3 Modern LIX process (solvent extraction) step of APT production. Ref. [8]

MnWO4 + 2NaOH → Mn(OH)2 + Na2WO4 (1)

FeWO4 + 2NaOH → Fe(OH)2 + Na2WO4 (2)

Na2WO4 + CaCO3 → CaWO4 + Na2CO3 (3)

CaWO4 + 2HCl → CaCl2 + H2WO4 (4)

H2WO4 + 2NH4OH → (NH4)2WO4 + 2H2O (5)

12(NH4)2WO4 → (NH4)10(H2W12O42) · 4H2O + 2H2O + 14NH3 (6)

In the modern hydrometallurgical process of tungsten, all tungsten feeds are
digested in sodium hydroxide (or sodium carbonate). Digestion is a quite significant
step of this process as significant tungsten losses may occur in this step. Chemical
reactions of digestion of different feeds are illustrated in the following chemical
equations:

CaWO4 + 2NaOH → Ca(OH)2 + Na2WO4 (7)

CaWO4 + Na2CO3 → CaCO3 + Na2WO4 (8)

MnWO4 + 2NaOH → Mn(OH)2 + Na2WO4 (9)

FeWO4 + 2NaOH → Fe(OH)2 + Na2WO4 (10)

WO3 + 2NaOH → H2O + Na2WO4 (11)

CoWO4 + 2NaOH → Co(OH)2 + Na2WO4 (12)
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Fig. 4 Flow diagram of modern method of APT process using solvent extraction. Ref. [6]

Sodium tungstate obtained after digestion step is purified in three steps to obtain
high-purity ammonium tungstate solution which is crystallized tomake APT crystals
(Figs. 3 and 4). In some plants (especially in China), solid ion exchange (SIX) is also
employed for the separation of sodium and other impurities from sodium tungstate
solution.

Processing of Soft and Hard Scrap Oxides

Both scarps are calcined to produce a mixture WO3 and CoWO4 (with small amount
of tantalum oxide) before processing for APT production as per the following chem-
ical equation: WC–Co + 3.5O2 → WO3 + CoWO4. Typically, scraps are digested
separately to keep cobalt and tantalum values (cobalt hydroxide sludge) for the
recovery of cobalt and tantalum. Sodium tungstate obtained from oxidized scrap is
processed with the sodium tungstate obtained from tungsten ore feed to make APT.
Most of the hard scrap currently is processed through zinc reclaim process [16].
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Crystallization of Ammonium Paratungstate (APT)

Composition of sodium tungstate solutions and its purification steps for the separation
of As, As, P, Si, Sn, F, V, etc., and Mo (in a separate step) is reported in Ref. [7]. This
reviewpaper [7] also reported thedetails of solvent extraction step inwhich separation
of sodium from purified sodium tungstate solution is obtained. The resulted tungsten
solution after solvent extraction is strong ammonium tungstate solution which is
crystallized to make APT. Crystallization of APT is reported by van Put [17] and van
Put et al. [18] in two papers. This work is very interesting: reviewing the literature,
discussing the formation ofmetastable phase:APT·6H2Owhichdissolve to convert to
APT·4H2O.They also studied the effect of seeds to avoidmetastable phase formation.
However, not much is reported on the mechanism, morphology, particle size, and
purity of APT during crystallization. Details on seeded-crystallization and high-
purity APT crystallization have also not been reported.

The function of APT crystallization inAPT process is twofold: it is the final purifi-
cation step in the tungsten chemical process andAPT is the final product which has to
have some desirable attributes such as crystal purity, morphology, and conversion to
tungsten oxides with desirable characteristics. AS reported in Ref. [8], a substantial
purification of tungsten occurs during APT crystallization step. Morphology of APT
crystals is depicted in Fig. 5. A perusal of APT crystal morphology suggests that
crystal growth of APT may have taken place according to the BCF theory of spiral
growth.

Fig. 5 Morphology of APT crystals showing spiral crystal growth
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Challenges in Current APT Processing

AlthoughmostAPTplants function efficiently, there are several important processing
challenges. A few of them are processing of low grade tungsten ores, processing of
high grade ores and scraps with high concentrations of critical impurities such as
Mo, Sb, V, and radioactive elements, formation of scaling in the process equipments,
solvent loss of LIX organics, crud formation in the LIX step, and overall tungsten
loses in various process steps. Some of these problems such as equipment scaling
and LIX related problems are common so not much can be done except additional
research to find better methods of critical impurities separation as scaling and crud
formationmay be related to impurity elements present in sodium tungstate. Recently,
two interesting papers [19, 20] are published one of which demonstrated selective
digestion of scheelite using solvometallurgical process and other demonstrated selec-
tive dissolution of tungsten from scheelite as a complex. The chemistry seems to be
attractive and maybe with more work could result in a better APT process.
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Efficient Extraction of Bismuth
in a Two-Stage Leaching Process
for the Recovery of Zinc and Lead
from Zinc-Rich Dust

Yan Li, Huaixuan Feng, Jingsong Wang, Xuefeng She, Kepiao Ren,
and Qingguo Xue

Abstract In this study, an efficient and sustainable hydrometallurgical process was
developed for the recovery of zinc, bismuth, and lead from zinc-rich dust after
pyrometallurgical treatment of iron and steel metallurgical dust. The feasibility of
the separation of zinc, bismuth, and lead in the leaching system was confirmed by
thermodynamic analysis. In the first step of the leaching process, zinc is leached
and recovered as ZnSO4 in the leachate. In the second leaching step, a combination
of H2SO4 and NaCl was used as leaching agent to study the leaching behavior of
bismuth and lead under different experimental conditions (e.g., H2SO4 concentra-
tion, NaCl concentration, liquid-solid ratio, temperature, and reaction time). Under
the optimum conditions, the leaching rates of bismuth and lead were 93.5% and
0.24%, respectively. The leachate enriched in bismuth was used to prepare bismuth
products, and the leach residue enriched in lead could be further processed to recover
lead.

Keywords Zinc-rich dust · Resourceful recycling · Acidic-chloride leaching ·
BiOCl

Introduction

Bismuth is known as a green metal due to its non-toxic properties and is widely
used in metallurgy, chemical industry, new materials, medicine, electronics, nuclear
industry, etc., due to its excellent properties [1–3]. In recent years, the global demand
for bismuth has increased rapidly [4]. With the consumption of primary resources
bismuth ore, obtaining bismuth from secondary resources has attracted extensive
attention from scholars at home and abroad [5, 6]. The secondary resources of
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bismuthmainly include bismuth-containing by-products from the production process
of copper, lead, and zinc smelters, such as lead anode sludge, copper anode sludge,
and white soot [7–9]. Another source of secondary resources of bismuth is the steel
industry, where bismuth is found in metallurgical dust generated from steel smelting
production processes [10–12]. Little bismuth is recovered from it due to the poor
comprehensive utilization of steel metallurgical dust. After the steel metallurgical
dust is treated by pyrotechnical process, bismuth and zinc will be enriched in the Zn-
rich dust twice, which creates good conditions for the effective recovery of valuable
elements [13–16]. The current treatment process for the comprehensive utilization of
Zn-rich dust mainly focuses on the recovery of elements with high contents such as
zinc and lead, and the recovery of bismuth has not attracted sufficient attention [17,
18]. In view of this, a hydrometallurgical process for the recovery of zinc, bismuth,
and lead from Zn-rich dust was proposed. Firstly, sulfuric acid was used as leaching
agent and zinc was leached and recovered as zinc sulfate in the leachate. Then Bi
and Pb are separated by selective leaching using H2SO4-NaCl solution. the leachate
enriched with bismuth is used to prepare BiOCl, and the leach residue enriched with
Pb can be further processed to recover Pb. This process achieves efficient resource
utilization of Zn-rich dust, which can effectively alleviate the shortage of bismuth
resources in China.

Experimental

Materials

The raw material was zinc-rich dust (ZRD) collected from a steel metallurgical
dust pyroprocessing plant of a domestic steel company. Table 1 shows the chemical
composition of ZRD, which contains about 49.15% Zn, 4.99% Pb, 0.24% Bi, 0.07%
Cd, 0.04% In, 3.15% Na, 8.3% K, and 0.85% Fe. X-ray diffraction analysis detected
the main phase composition of ZRD as shown in Fig. 1, which mainly contains ZnO,
KCl, and NaCl. The content of other elements was below the detection line of the
XRD instrument and failed to detect their phase forms. The reagents H2SO4, NaCl,
and NaOH used in the experiments were all analytically pure; distilled water was
used in all experiments.

Table 1 Chemical composition of the ZRD sample

Element Zn Pb Bi In Cd Na K Fe

Weight (%) 49.15 4.99 0.24 0.04 0.07 3.15 8.30 0.85
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Fig. 1 XRD pattern of the
ZRD sample

Experimental Procedure

The two-stage leaching hydrometallurgical process is shown in Fig. 2. KCl and NaCl
in ZRD are removed in the water leaching process, and the leachate enriched with
K and Na is fed to a multi-effect evaporation unit to extract KCl and NaCl products
by evaporation crystallization. Zn is extracted from the water leaching residue with
H2SO4 solution to obtain a leachate rich in zinc sulfate. Selective dissolution of Bi
is in the sulfuric acid leaching residue with (H2SO4 + NaCl) leaching agent. Water
leaching experiments and neutralized hydrolysis experiments were carried out in
1000 ml beakers. The two-stage leaching experiments were carried out in 250 mL
three-necked flasks equipped with an overhead stirrer. The reaction temperature was
controlled by placing the three-necked beaker in a constant temperature water bath,
and the stirring speed was fixed at 200 rpm for each test.

ZRD was added to the beaker with a liquid-solid ratio of 3 (ml/g), leached in a
water bath at 25 °C, and the solid-liquid separation was achieved through a vacuum
filter. Thewater leachingfilter cakewas put into a three-neckflask for the sulfuric acid
leaching process, and dilute sulfuric acid was used as leaching agent. After leaching
was completed, the slurry was immediately vacuum filtered. The dilute leachate was
sent to ICP analysis to calculate the leaching rate of elemental zinc. The leaching
agent (H2SO4 + NaCl) was added to the three-necked flask, and a certain amount of
sulfuric acid leaching residue was added to the reactor under stirring and leached in
a constant temperature water bath. After the leaching was completed, the slurry was
immediately vacuum filtered. The diluted leachate was sent to ICP analysis to detect
Bi and Pb concentrations. The chlorinated leaching solution was added to a beaker,
and sodium hydroxide solution was added under stirring, and after standing for a
certain time, the solid-liquid separation was achieved by vacuum filter. the BiOCl
sample was washed with de-distilled water and dried at 80 °C for 12 h, and then
characterized by XRD.



300 Y. Li et al.

Fig. 2 Schematic diagram of the process for recovering Zn, Pb, and Bi from Zn-rich dust

Results and Discussion

Thermodynamic Analysis

The E-pH diagrams of the Zn–H2O and Bi–H2O systems at 298 K were calculated
by HSC Chemistry 9.0, and the results are shown in Fig. 3. The dashed line indicates
the stable region of water. From Fig. 3, it can be seen that Bi3+ in solution can be
stabilized in more acidic solutions, and the dominant zone of stable presence of Zn2+

is much larger than that of Bi3+. Therefore, the pH value of the sulfuric acid leaching
process was controlled to be in the right range during the experiment in order to
achieve selective leaching of zinc. PbO in the water leaching slag will react with
H2SO4 to form PbSO4, and due to the small solubility product of PbSO4 (1.6× 10–8,
18 °C) and the large amount of SO4− in the solution, the lead stays in the leaching slag
as PbSO4 precipitation. From Fig. 3b, it can be seen that with the increase of solution
pH, the bismuth ions in the solution change in the following order: Bi3+ → BiOH2+
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Fig. 3 E-pH of different systems at 298.15 K: a Zn–H2O; b Bi–H2O

Table 2 Possible reactions during the process

Element Reaction NO

Zn ZnO + H2SO4 = ZnSO4(aq) + H2O (1)

ZnFe2O4 + 4H2SO4 = ZnSO4(aq) + Fe2(SO4)3(aq) + 4H2O (2)

Pb PbO + H2SO4 = PbSO4 + H2O (3)

Pb2+ + 2Cl− = PbCl2 (4)

PbCl2 + 2Cl− � [PbCl4]2− (5)

Bi Bi2O3 + 6H+ + 6Cl− = 2BiCl3(aq) + 3H2O (6)

BiCl3 + H2O = BiOCl + 2HCl (7)

→ BiO+ → Bi2O3. After the completion of the chlorination leaching process, the
Bi in the leaching solution is in the form of Bi3+ and there is a large amount of Cl−
in the solution. With the increase of pH, BiOH2+ and BiO+ will undergo hydrolysis
reaction and the final product is BiOCl. The reactions that may occur in the process
are shown in Table 2.

Sulfuric Acid Leaching to Recover Zn

The Zn-rich dust has a high Zn content, so it makes economic sense to recover it first.
On the other hand, by extracting Zn from Zn-rich dust into the leachate in the H2SO4

leaching process, Pb and Bi will be enriched in the leach residue, which is beneficial
for subsequent process recovery. The use of H2SO4 as a leaching agent to recover
Zn from Zn-bearing dust has been extensively investigated and is commercially
available [19, 20]. H2SO4 has been demonstrated to be effective, cost-effective, and
generally available for solubilizing valued elemental compounds [21]. Therefore,
H2SO4 was used as leaching agent in this process. Maximizing the dissolution of Zn
into the leaching solution, while ensuring that the dissolution of Bi, Pb, and Fe is
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minimized is the main objective of the H2SO4 leaching process. The leaching rate of
Zn is directly related to the physical phase form of Zn in the dust. From the physical
phase analysis of Zn-rich dust, it is clear that the main component is ZnO, which is
beneficial to improve the Zn leaching rate. However, ZnS and ZnFe2O4 in the dust
cannot be leached effectively in the H2SO4 system [22], which will reduce the Zn
leaching rate. Also, certain amount of Cd, Fe, and In in the dust will be leached [23].

The experimental parameters were 120 g/L H2SO4, 300 g/L slurry density, water
bath temperature of 70 °C, and reaction time of 4 h. The zinc leaching efficiency
was around 80%. The zinc remaining in the H2SO4 leach residue mainly consisted
of ZnSO4 attached to the leach residue and ZnS that was not leached out. The unre-
covered zinc in the slag will continue to be leached in the chloride leaching process
and finally recycled back to the H2SO4 leaching process to ensure high recovery of
zinc in this process.

Chlorination Leaching to Recover Bi

The separation of elements (Pb and Bi) from Zn-rich dust by chlorination leaching
was investigated using a single-factor condition testmethod. The leaching behavior of
Bi and Pb under different experimental conditions (e.g., H2SO4 concentration, NaCl
concentration, liquid-to-solid ratio, temperature, and reaction time) was systemati-
cally investigated. The aim was to find the optimal conditions at laboratory scale for
maximum Bi leaching efficiency and minimum amount of Pb in the aqueous phase.

Effect of NaCl Concentration

Thermodynamic analysis showed that increasing the chloride concentration promotes
the dissolution of Bi and affects the formation of PbCl2 [24]. Therefore, the effect
of NaCl concentrations ranging from 10 to 120 g/L on the leaching efficiency of Bi
and Pb was investigated. According to the results in Fig. 4, the leaching efficiency
of Bi was more influenced by the NaCl concentration, while the leaching rate of Pb
was less influenced by the same conditions. The leaching efficiency of Bi increased
from 78.76 to 91.46%when the NaCl concentration was increased from 10 to 60 g/L.
Increasing the NaCl concentration to 90 g/L did not change the leaching efficiency
of Bi significantly because the chloride requirement of Bi was satisfied. However,
increasing the NaCl concentration to 120 g/L, the leaching rate of Bi decreased
instead, which shows that too high chloride ion concentration has a negative effect
on the leaching of Bi. The same phenomenon was found in the study by Che et al.
[24]. When the NaCl concentration was increased from 10 to 120 g/L, the solubility
of Pb increased from 0.06 to 0.68%, i.e., the increase in the amount of chloride ions
in the solution led to the dissolution of Pb in the system. This is due to the fact that
PbCl2 has a certain solubility in the NaCl solution and when the concentration of
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Fig. 4 Effect of NaCl
concentration on the
leaching efficiency of Bi and
Pb (160 g/L H2SO4, L/S
ratio of 5 mL/g, 60 °C, 4 h)

Cl− is high, PbCl2 increases its solubility by forming complex ions with Cl− and the
reaction mechanism is shown in Eq. 5 [25].

Effect of Liquid-to-Solid Ratio

The liquid-to-solid ratio is an important parameter that affects leaching kinetics,
process cost, and downstream treatment processes [26]. To determine the effect
of this process parameter on the leaching behavior of Bi and Pb, experiments were
conducted in the range of 3–9 mL/g, and the results are shown in Fig. 5. The leaching
rate of Pb increased from 0.09 to 0.84%when the liquid-to-solid ratio increased from
3 to 9 mL/g. The leaching rate of Bi increased significantly from 74.7 to 91.46% by
increasing the liquid-to-solid ratio from 3 to 5 mL/g. This is due to the fact that the
increase in the liquid-solid ratio improves the surface contact between the solution
and the dust, thus facilitating the dissolution of Bi and Pb [27]. Increasing the liquid-
solid ratio from 5 to 9 mL/g slowly increased the leaching rate of Bi to 94.05%,
at which point the liquid-solid ratio was no longer the main factor affecting the
leaching reaction. Increasing the liquid-solid ratio has advantages and disadvantages;
it usually acceleratesmass transfer and promotes the reaction, but it also increases the
equipment volume and energy consumption and reduces the production efficiency.
On the other hand, increasing the liquid-solid ratio will reduce the concentration of
Bi and Pb in the leachate, which is not conducive to the subsequent processing of
the production process. Therefore, a liquid-to-solid ratio of 5 mL/g was selected as
appropriate after comprehensive consideration.
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Fig. 5 Effect of
liquid-to-solid ratio on the
leaching efficiency of Bi and
Pb (160 g/L H2SO4, 60 g/L
NaCl, 60 °C, 4 h)

Effect of Temperature

When other operating parameters were kept constant (160 g/L H2SO4, 60 g/L NaCl,
L/S ratio of 5mL/g, 4 h), the effects of different reaction temperatures on the leaching
of Bi and Pb are shown in Fig. 6. With the increase of temperature from 25 to
80 °C, the leaching rate of elemental Pb fluctuated between 0.23 and 0.27%. This
indicates that the temperature has almost no effect on the leaching rate of elemental
Pb in the experimental temperature range. As the temperature increased from 25
to 60 °C, the leaching rate of elemental Bi increased from 87.31 to 91.46%, and
thereafter, the temperature continued to increase to 80 °C, and the leaching rate
of Bi remained around 90.46%. Therefore, temperature plays a secondary role in
the leaching process, and 60 °C was chosen as a suitable experimental leaching
temperature in order to obtain a high reaction rate.

Fig. 6 Effect of temperature
on the leaching efficiency of
Bi and Pb (160 g/L H2SO4,
60 g/L NaCl, L/S ratio of
5 mL/g, 4 h)
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Fig. 7 Effect of reaction
time on the leaching
efficiency of Bi and Pb
(160 g/L H2SO4, 60 g/L
NaCl, L/S ratio of 5 mL/g,
60 °C)

Effect of Reaction Time

When other operating parameters were kept constant (160 g/L H2SO4, 60 g/L NaCl,
L/S ratio of 5 mL/g, 60 °C), the effect of reaction time on the leaching of Bi and Pb
is shown in Fig. 7. The leaching rate of Bi increased from 83.29 to 91.46% when the
leaching time was extended from 0.5 to 2 h. The leaching rate of Bi did not increase
significantly when the leaching time was increased from 2 to 4 h. In this process, the
reaction time affects the contact time between solid and liquid, and the contact time
between reactants and leaching agent is relatively long to maximize the extraction
of Bi [27]. In the experimental leaching time range, the leaching rate of Pb element
was less affected by the leaching time, with the reaction time extended from 0.5 to
4 h, the leaching rate of Pb element increased from 0.21 to 0.25%, which always
remained at a low level. Considering that excessive increase of reaction time would
reduce the production efficiency, therefore, the leaching time of 2 h was determined
as the optimal reaction time.

Effect of H2SO4 Concentration

When other operating parameters were kept constant (60 g/L NaCl, L/S ratio of
5 mL/g, 60 °C, 2 h), the effect of H2SO4 concentration on the leaching of Bi and
Pb was set for four groups with different experimental H2SO4 concentrations as
shown in Fig. 8. The leaching of Bi was divided into two stages, when the H2SO4

concentration interval was 40–160 g/L, the leaching of Bi was mainly influenced
by the H2SO4 concentration, and the leaching rate of Bi increased from 70.92 to
91.46% with the increase of H2SO4 concentration. When the H2SO4 concentration
interval was 160–280 g/L, the H2SO4 concentration was no longer the main factor
affecting the leaching of elemental Bi, and the leaching rate of elemental Bi increased
slowly. The sensitivity of the Bi leaching efficiency suggests that Bi may be present
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Fig. 8 Effect of H2SO4
concentration on the
leaching efficiency of Bi and
Pb (60 g/L NaCl, L/S ratio of
5 mL/g, 60 °C, 2 h)

in the dust as an oxide phase [28]. The increase in H2SO4 concentration from 40
to 280 g/L decreased the leaching rate of Pb from 0.36 to 0.15%. The leaching rate
of Pb remained low throughout the range of experimental H2SO4 concentrations.
Considering that too high H2SO4 concentration increases acid consumption, the
H2SO4 concentration of the leaching agent was selected as 160 g/L was considered
to be the most suitable.

Neutralization and Hydrolysis for Bi Recovery

The chlorination leaching process completes the initial leaching and separation of
Bi, and the neutralization and hydrolysis process completes the transformation from
bismuth-rich leachate to Bi product. The bismuth-rich leachate contains not only Bi
but also other impurity ions such as Zn and Fe. According to the different precip-
itation intervals of different elements at different pH, the best precipitation of Bi
is completed. Chen Ya et al. found that when the pH of the solution was less than
0.8, the precipitation efficiency of Bi was less than 5%, and as the pH increased
from 0.8 to 3.0, the precipitation efficiency of Bi rapidly increased to about 99%
[9]. Therefore, sodium hydroxide solution was chosen as the precipitant and the
pH of the bismuth-rich leach solution was adjusted to increase, and BiCl3 would
undergo a hydrolysis reaction to form BiOCl, and the reaction equation is shown in
Eq. (7). It was found that the precipitation efficiency of Bi reached 95.16% when the
pH of the bismuth-rich leachate was increased to 2. The precipitation of Fe(OH)3
increased when the pH of the leachate was continued to be adjusted to 3. In order to
reduce the content of impurity ions in BiOCl, the optimal precipitation end point was
selected when the pH was increased to 2. After the completion of the neutralization
and hydrolysis process, the product BiOCl was obtained by solid-liquid separation,
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Fig. 9 XRD of BiOCl
prepared by neutralization
and hydrolysis process

and the XRD analysis is shown in Fig. 9. The obtained product BiOCl can be sold
to non-ferrous smelters as a raw material for the production of metallic Bi.

Conclusions

A two-stage leaching hydrometallurgical process was proposed for the recovery of
Zn, Bi, and Pb fromZn-rich dust. The feasibility of the separation of Zn, Bi, and Pb in
the leaching system was confirmed by thermodynamic analysis. Zn was first leached
and recovered as ZnSO4 in the leachate, and the Pb-enriched leach residue could
be further processed to recover Pb. The influence of various technical parameters
on the selective leaching of Bi was studied for the chlorination leaching process.
The results showed that the H2SO4 concentration, NaCl concentration, and liquid-
solid ratio were the main factors affecting the leaching rate of Bi. Under the optimal
conditions, the leaching rates of Bi and Pb were 91.5% and 0.24%, respectively. The
BiOCl product could be prepared by adjusting the pH of the bismuth-rich leachate
to increase to 2.
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Efficient Utilization of Alloy Powder
During Limonitic Laterite Sintering
Process

Yikang Tu, Yuanbo Zhang, Zijian Su, and Tao Jiang

Abstract Alloy powder is a typical by-product produced from stainless steel
processing, which contains a significant level of valuable metals, such as iron,
chrome, and nickel. About 1 million tons of alloy powder are generated in China
annually, but as mixed with impurities such as Al and Si, alloy powder is not suitable
to be directly smelted into stainless steel by refining. In this study, alloy powder was
efficiently utilized during limonitic laterite sintering process. The effects of adding
alloy powder on green bed permeability, the yield and quality indexes of the sinters,
and themicrostructure of the sinterswere evaluated. The results show that the concen-
trated distribution degree of granules and green bed permeability was improved after
adding alloy powder. As the additional amount of alloy powder increased from 0 to
3%, the tumble index and yield of the sinters rose from 50.07% to 54.69% and from
62.04% to 67.35%, respectively.

Keywords Alloy powder · Limonitic laterite · Sintering

Introduction

Alloy powder is a typical solid waste produced in the turning and grinding process
of stainless steel, which contains a significant level of valuable metals, such as iron,
chromium, and nickel [1]. However, due to the complex relationship of various
phase compositions, the comprehensive utilization of valuable metals from alloy
powder has encountered several problems. In China, about 1 million tons of alloy
powder are discharged annually. At present, alloy powder wasmainly used as cement
ingredients, building materials, etc. The secondary iron-bearing resources usually
contain abundant iron, chromium, nickel, etc., which have huge potential value for
comprehensive utilization [2]. Acid leaching methods with low concentration of
strong acids such as aqua regia, hydrochloric acid, and sulfuric acid were proposed
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to recover valuable metals from alloy powder in previous studies. After removing
impurities and valuable metals, the leaching residue was used as ironmaking raw
material [3]. However, the leaching selectivity was rather poor, a large amount of
iron was dissolved out as well, and it is possible that secondary pollution would be
generated. Iron ore sintering and pelletizing are common processes for large-scale
treatment of alloypowder.Nevertheless, alloypowder usually contains a considerable
amount of chromium which will obviously increase the coke ratio of blast furnace
[4]. Therefore, most enterprises are reluctant to add alloy powder during the steel
production process.

In the limonitic laterite, the high content of water of crystallization and MgO are
negative to the formation of high-quality liquid phase, resulting in poor strength
and low yield of limonitic laterite sinter [5–7]. To improve the sinter quality,
some strengthening technologies were investigated during limonitic laterite sintering
process. The external pressure field helped reduce the sinter porosity, increasing
the formation of SFCA (composite calcium ferrite composed of SiO2, Fe2O3, FeO,
CaO, and Al2O3), which made a tight interlocking structure between hercynite ((Mg,
Fe)(Fe, Al)2O4, which was from the reaction of Fe2O3, FeO, Al2O3, and MgO
during sintering process) and SFCA [8]. Hot waste gas recirculation during the
sintering process of limonitic laterite explained that the increase of oxygen potential
contributed to the formation of more SFCA. With the increase of high tempera-
ture holding time, the wettability of liquid phase bonding relative to hercynite was
improved, so a closely connectedmicrostructurewith higher strengthwas formed [9].
Nevertheless, although there are many studies on improving the strength of sinter,
the yield and quality indexes of limonitic laterite sinters still need to be improved.

Limonitic laterite sinters are mainly used for smelting 200 series or 300 series
stainless steel after adding ferrochromium alloy [10]. If alloy powder is added to
limonitic laterite sintering process, it is not necessary to pay attention to the increase
of coke ratio, because alloy powder can reduce the addition of ferrochrome which
also needs coke consumption during the smelting process.

In this study, the influence of alloy powder on limonitic laterite sinterswas system-
atically studied via sintering pot tests. The effects of alloy powder on the size distri-
bution and permeability of the sintering green bed, yield, quality, and microstructure
of limonitic laterite sinters were investigated. This work has great guiding signifi-
cance for resource utilization of alloy powder on large-scale and strengthening the
limonitic laterite sintering process.

Experimental

Materials

The limonitic laterite used in this study was derived from Philippines. The alloy
powder with 87.55% Fe2O3, contained 3.21%Cr2O3 and 1.30%NiO. The Fe2O3 and
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Al2O3 content were 75.16% and 6.19%, respectively. The special phase composition
of limonitic laterite meant that it contained high water of crystallization. In addition,
the content of NiO, Cr2O3, FeO, CaO, SiO2, and MgO in limonitic laterite was
0.88%, 3.45%, 2.51%, 0.06%, 2.22%, and 0.59%, respectively. The LOI (Loss on
ignition) reached up to 10.72% due to high water of crystallization. High water of
crystallization content would consume more energy in the sintering process. The
large LOI meant that the material layer shrank seriously, and consequently more
solid fuel needed to be added. The flux used throughout this study was quicklime
with 72.21% CaO content. The TFe content of the return ore was 50.92%, in which
the FeO content was 23.25%. Besides, the content of NiO, Cr2O3, CaO, MgO, SiO2,
and Al2O3 in the return ore was 1.03%, 4.52%, 7.69%, 2.17%, 4.35%, and 6.82%,
respectively. The determination of Fetotal and FeO depended on ISO 2597-1:2006 EN
and ISO 9035:1989 EN, respectively. The content of other elements was obtained by
ICP measurement after sample dissolution.

Methods

Experimental Procedure

The pilot-scale sintering tests were carried out in a laboratory sintering pot as shown
in Fig. 1. Firstly, preparing mixture: limonitic laterite, alloy powder, return ore,
anthracite, and flux were weighed according to the designed parameters and mixed
evenly for 2 min. All samples were rotated for 5 min again in a drum granulator with
a diameter of 600 mm and a length of 300 mm after adding water, and the resulting
granular sintering mixture was obtained. In the second step, exhaust sintering: the
mixture was distributed to a sintering pot with a diameter of 100 mm and a height of
500 mm for ignition and exhaust sintering. Until the end of the sintering process, the
exhaust gas temperature reached the maximum value. The ignition negative pressure
and sintering negative pressure were 5 kPa and 7 kPa, respectively [8]. After reaching
the sintering end point, the negative pressurewas adjusted to -5 kPa and kept for 5min
to cool the sinter, and then, the sinterwas poured out from the sintering pot and further
cooled to the room temperature. At last, treatment of the sinters: the yield, tumble
index, particle size distribution, and other properties of the sinters were measured
after the sinters were cooled according to the previous literatures [8–11].

Characterization

The phase of the sample was analyzed by X-ray diffraction (XRD, D/Max 2500,
RIGAKU, Japan) under the conditions of radiation: Cu Kα, tube current and voltage:
250 mA, 40 kV, scanning range: 10–80°/2θ, step size: 0.02°/2θ, and scanning speed:
5°/min. Element content in solution was tested by using a plasma emission spec-
trometer (ICP-AES, Icap7400 Radial, Thermo Fisher Scientific, USA). Topographic
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Fig. 1 Flowsheet of the limonitic laterite sintering process

analysis was examined by scanning electron microscope (SEM-EDS, JSM-6490LV,
JEOL, Japan).

Assessment Indexes

The yieldwas calculated by Eq. (1). The tumbler index (TI) of the sinter was tested by
1/10 ISO 3271-2007 and calculated by Eq. (2). Sintering speed (V ) was calculated
by Eq. (3).

P = m1 − 0.25

m0 − 0.25
× 100% (1)

P = M1

M0
× 100% (2)

V⊥ = H

t
(3)

In Eq. (1),m1 is the weight of the sinter with particle size greater than 5 mm (kg);
m0 is the total weight of sinter (kg); and 0.25 is the weight of hearth layer (kg). In
Eq. (2), M0 is the total weight of sinter before tumbler (kg); and M1 is the weight
of sinter with particle size greater than 5 mm after tumbler (kg). In Eq. (3), H is the
height of sinter green bed (mm); and t is the sintering time (min).
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Results and Discussion

Effect of the Addition of Alloy Powder on Limonitic Laterite
Sintering Performance

According to the preliminary experimental exploration, the optimized experimental
conditions of 1.8 basicity and 19.5% moisture of the mixture were determined. The
influence of the addition of alloy powder on size distribution and permeability of
the sintering green bed, yield, and quality of limonitic laterite sinters index was
systematically discussed.

Effect on Size Distribution and Permeability of the Sintering Green Bed

The effect of the addition amount of alloy powder on size distribution of the sintering
green bed is shown in Fig. 2. With the addition of alloy powder increasing from 0 to
9%, the mass fraction of −0.5 and 0.5–1 mm granules decreased persistently. The +
3 mm granules kept rising accordingly. Likewise, the mass fraction of 5–8 mm and
+8mm particles increased rapidly from 4.85% to 11.80% and from 0.14% to 3.20%,
respectively. It shows that the addition of alloy powder could significantly increase
the proportion of +3 mm particles and improve the particle size distribution of the
sintering green bed. The main reason was that the alloy powder had high density and
small particle size (90% less than 150 μm). It could be evenly distributed among the
limonitic laterite with low density, which promoted the formation of large particles
during the granulation process.

It can be observed from Fig. 3 that the permeability of the sintering green bed
increased with the addition of alloy powder. This was in result of that the alloy
powder reduced the mass fraction of−1 mm, and there would be more gaps between
sintering green material for air passing.

Effect on Sintering Indexes

Figure 4 displays the effect of the addition of alloy powder on the limonitic laterite
sintering performance. The yield and quality index were extremely terrible at 0%
alloy powder dosage, and the tumble index and yield were 50.04% and 62.04%,
respectively. As the dosage of alloy powder increased to 3%, the tumble index and
yield rapidly rose to 54.69% and 67.35%, respectively. Overall, with the increase
of alloy powder dosage, the yield and quality indexes of the sinters were getting
better. However, the sintering speed decreased continuously. This was in result of
the addition of alloy powder improved the permeability of the sintering green bed,
whichpromoted the full combustionof solid fuel during the limonitic laterite sintering
process. The sintering burning zone becamewinder, and the duration of sintering high



316 Y. Tu et al.

Fig. 2 Effect of the addition of alloy powder on size distribution of the sintering green bed

Fig. 3 Effect of the addition
of alloy powder on
permeability of the sintering
green bed

temperature became longer. Therefore, the sintering speed decreased, and the sinter
strength increases.

Analysis of the Obtained Sinters

Two samples with different alloy powder dosage were chosen for phase analysis. The
XRD analysis of Fig. 5 demonstrates that the main phases of the two samples were
wustite and spinel containing Mg, Al, Cr, and Ni. Moreover, the diffraction peak
intensities of 36.5 and 42.1° constantly increased with the increase of alloy powder,
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Fig. 4 Effect of the addition of alloy powder on the limonitic laterite sintering performance

and it might be owing to the extended high temperature holding time caused by the
improvement of permeability by alloy powder.

Sinters with different alloy powder additions were selected for microstructure
analysis. As shown in Fig. 6a, b, the sample without alloy powder was mainly
composed of nearly spherical minerals, and the particle size was about 20–50 μm.
The reticular liquid phase filled in the gap between granular minerals and acted as

Fig. 5 XRD pattern of the representative limonitic laterite sinters
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Fig. 6 SEM images of the representative limonitic laterite sinters (a, b—sinters added 0% alloy
powder; c, d—sinters added 9% alloy powder)

bonding phase. Loosemineral particle arrangement was difficult to be fullywetted by
reticular liquid phase, whichmight be the principal reason for the poor strength of the
sinters. Figure 6c, d indicates that the boundary of the sinters with 9% alloy powder
was not obvious, and there was less particle gap compared with no alloy powder.
The main reason might be that the addition of alloy powder strengthened the gran-
ulation of the mixture and the full combustion of solid fuel during the limonitic
laterite sintering process was promoted. The sintering burning zone became winder,
and the duration of sintering high temperature became longer. Therefore, the sinter
particles were more closely connected and had higher strength. Combined with EDS
analysis, it was found that the main components of the two representative samples
were boehmite (spots 1 and 4), spinel (spots 2 and 5), and SFCA acted as binding
phase (spots 3 and 6).

Conclusions

The effect of alloy powder on size distribution and permeability of the sintering green
bed, yield, quality, and microstructure of limonitic laterite sinters was systematically
investigated. The conclusions are drawn as follows:

1. The addition of alloy powder could significantly improve the mass fraction of +
3 mm of the sintering green bed. There would be more gaps between sintering
green material for air passing, and the permeability increased. With the added
amount of alloy powder increased from 0 to 3%, the tumble index and yield of the
sinters rosed from 50.07% to 54.69% and from 62.04% to 67.35%, respectively.
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The sinter strength would be further increased by increasing the dosage of alloy
powder to the sintering green bed.

2. The alloy powder improved the permeability of the sintering green bed, which
promoted the full combustion of solid fuel. The sintering burning zone became
winder and the duration of sintering high temperature became longer. Therefore,
the sintering time was prolonged, and the sintering speed was reduced. The
particles gap of sinters becomes smaller, the boundary became inconspicuous,
and the sinter strength increased. This study provided a novel process of resource
utilization of alloy powder on large-scale and strengthened the limonitic laterite
sintering process.
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Experimental Study on Solubility
of Metal Oxides in Novel Deep Eutectic
Solvents of Choline Chloride-Organic
Acid

Peng Yang, Xiaoping Liang, Guodong Cui, and Chen Yang

Abstract In this work, novel deep eutectic solvent (DES) was prepared from the
choline chloride as a hydrogen-bond acceptor in combination with organic acids
(i.e., phthalic acid, 2,2-dimethylol propionic acid, glutamic acid, tartaric acid) as
a hydrogen-bond donor. Only at the preparation temperature of 110 °C, two novel
of DESs were prepared: choline chloride:2,2-dimethylol propionic acid with molar
ratios of 1:0.67 and the choline chloride:tartaric acid at a 1:0.5 molar ratio. The
thermal stability of DESs was studied. DESs choline chloride:2,2-dimethylol propi-
onic acid (1:0.67) and choline chloride:tartaric acid (1:0.5) were found stable at
temperatures lower than 211 and 195 °C respectively. The solubility of metal oxides
(MOs) ZnO, Fe2O3, Fe3O4, and V2O5 was determined in choline chloride:2,2-
dimethylol propionic acid (1:0.67) and choline chloride: tartaric acid (1:0.5). The
obtainedMOs solubility values indicated these novelDESswith the interesting ability
to dissolve the selected MOs.

Keywords Deep eutectic solvent · Metal oxide solubility · Choline chloride ·
Organic acid

Introduction

Metal oxides (MOs) are used as functional materials as well as starting substances
for the synthesis of diverse task-specific materials; other than that they are also the
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form from which most metals are extracted [1]. MOs are present in natural ores and
many industrial residues and end-of-life products, and their efficient processing is
of great scientific and economic significance [2, 3]. At present, pyrometallurgy or
hydrometallurgy are mainly methods for MOs extraction, but issues such as environ-
mental pollution and energy consumption have led to explore more environmental
and effective methods that have attracted worldwide interest [4–6].

Solvometallurgy is an environmental and effective method for extracting MOs,
and themain advantages of solvometallurgy are its higher selectivity and lower water
consumption compared to other types of metallurgy [7, 8]. Conceptually, solvomet-
allurgy is similar to hydrometallurgy in terms of a single operation and operating
conditions [9]. However, solvometallurgy attempts to replace almost completely
aqueous solutions with organic solvents instead of acidic or alkaline aqueous solu-
tions [10]. Ionic liquids (ILs) are attractive for use in solvent metallurgy, and many
researchers have demonstrated their excellent properties in extracting MOs [11–16].
However, the complex preparation process of ionic liquid leads to the low economy
of ILs, which is the main disadvantage of its industrial scale implementation [17].

Deep eutectic solvent (DES) is an ionic liquid analogue whose great appeal comes
from its low synthetic cost, low environmental toxicity, and wide solubility of Mos
[18]. DES as synthesized and defined by Abbot et al. [24], is a binary or ternary
eutectic mixture system composed of hydrogen bond acceptor (HBA) and hydrogen
bond donor (HBD) through intermolecular hydrogen bonding, and its melting point
is lower than that of any of its components [19, 20]. The DES can offer or accept
electrons or protons to form hydrogen bonds, making them very efficient dissolution
properties [21]. More interestingly, extensive studies prove the solubility of MOs
in a variety of DESs, thus opening up “green′′ strategies for metal separation and
recycling.Abbott et al. studied the solubility ofMOs inDESs [22–28], and itwas indi-
cated that MO solubility was higher in DESs with acidic HBDs [28, 29]. It has been
suggested that more acidic DESs, such as the mixture of malonic acid-ChCl, exhibit
higher solubility of MOs because the protons present act as an oxygen acceptor,
breaking the metal-oxide bond. At present, a mixture of ChCl and acidic HBDS such
as phthalic acid, 2,2-dimethylol propionic acid, glutamic acid, and tartaric acid has
not been used for the preparation of DES.

Here, ChCl is selected as the HBA, and carboxylic acids (i.e., phthalic acid, 2,2-
dimethylol propionic acid, glutamic acid, tartaric acid) as the HBD tried to prepare
novel DESs of ChCl-organic acid in this paper. The thermal stability of novel DESs
was determined, and solubility ofMOs in the novel DESs was researched. This study
enriches the DES system that can be used to dissolve MOs.
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Fig. 1 Molecular structure of ChCl and organic acids used in this work

Experimental

Materials

Choline chloride (ChCl) with 99% purity was purchased from Macklin. For the
four organic acids, phthalic acid and tartaric acid (TA) with 99.5% purity, and 2,2-
dimethylol propionic acid (DMPA) and glutamic acid (GLU) with 98% purity were
both purchased from Chron Chemicals. The MOs ZnO, Fe2O3, V2O5, and Fe3O4

with 99% purity were purchased from Macklin. The chemicals used in this work
were used as received without further purification. The chemical structure of ChCl
and organic acids in this work is presented in Fig. 1.

DESs Preparation

The DESs were prepared in this work by following the method previously described
in many articles [30]. The ChCl and organic acids were weighed at a certain molar
ratio and placed together in a sealed beaker, and then, the beaker was placed in a
constant temperature magnetic stirrer for magnetic stirring at a certain temperature
until a stable homogeneous transparent liquid was formed. Prepared DESs were
stored in a sealed sample bottle for later use.
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Metal Oxide Dissolution

The solubility of MOs (ZnO, Fe2O3, V2O5, Fe3O4) in DES was tested according
to the procedure previously reported in the literature. Accurately weigh 0.1 g metal
oxide and 5 ml solvent in a sealed glass bottle, put the glass bottle in a constant
temperature magnetic stirrer, and stir continuously at 100 °C for 24 h or longer.
Saturation is reached and confirmed by observing the presence of undissolved metal
oxide in the solvent. If the metal-oxide powder is completely dissolved, continue
to add 0.1 g of metal oxide and repeat the above operation until the dissolution is
supersaturated. After dissolution, the sample was filtered out by PES syringe filter
(pore size 0.45 µm) for later use [10]. The filtered samples were diluted to a certain
multiple, and the samples were diluted step by step with 2 vo l%HNO3. Inductively
coupled plasma emission spectrometer (ICP, Optima 8000) was used to detect the
metal content in the low eutectic solvent.

Thermal Stability

Thermal decomposition temperature of the prepared DESs was measured using a
thermogravimetric differential analyzer (TGA/DSC 1/1100 SF) to examine their
decomposition temperature and thermal stability. Here, the samples were placed in
an alumina pan under the nitrogen environment (flow rate—100 mL min−1). The
heating rate was 5 °C/min, and temperature range is the 40–500 °C at a thermal
gradient of an inert gas (N2) used as a protective gas.

Results and Discussion

Preparation of DESs

ChCl is selected as the HBA, and carboxylic acids (i.e., phthalic acid, 2,2-dimethylol
propionic acid, glutamic acid, tartaric acid) as the HBD tried to prepare novel DESs
of ChCl-organic acid in this paper.When choline chloride and organic acid can form a
stable and uniform transparent liquid, it indicates that DES is successfully prepared.
The detailed experimental parameters of novel DESs preparation experiment are
shown in Table 1.

The experimental results showed that in experiments 1–4, ChCl and organic acids
did not form stable and uniform transparent liquid under the corresponding prepara-
tion conditions. In experiments 1 and 2, white turbid solution was formed by ChCl
and phthalic acid or DMPA. In experiment 3, ChCl and GLU were still white solids.
ChCl and TA formed a transparent liquid with high viscosity and contains suspended
white particles, in experiment 4.
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Table 1 Detailed
experimental parameters of
DES preparation experiment

Number ChCl: organic
acid

Molar ratios Preparation
temperature/°C

1 ChCl: phthalic
acid

1:1 80

2 ChCl: DMPA 1:2 80

3 ChCl: GLU 1:1 80

4 ChCl: TA 1:1 80

5 ChCl: phthalic
acid

1:1 95

6 ChCl: DMPA 1:2 95

7 ChCl: GLU 1:1 95

8 ChCl: TA 1:1 95

9 ChCl: DMPA 1:2 110

10 ChCl: DMPA 1:1 110

11 ChCl: DMPA 1:0.67 110

12 ChCl: TA 1:1 110

13 ChCl: TA 1:0.5 110

In experiments 1–4, neitherChCl nor phthalic acid,DMPA,GLU, andTA formed a
stable homogeneous transparent liquid, presumably because the preparation temper-
ature was too low, so the preparation temperature was increased and experiments
5–8 were performed. According to the experimental results of 5–8, it can be seen
that when the preparation temperature is increased, ChCl and phthalic acid or GLU
formed transparent liquid with high viscosity and containing white suspended parti-
cles, ChCl and DMPA or TA form a stable transparent liquid with high viscosity.
Because it is thought that ChCl and DMPA or TA more likely to form DES.

Temperature and molar ratio are important factors in the preparation of DES.
Based on the results of experiments 5–8, the molar ratios of ChCl and DMPA or TA
were reset in this study, while the preparation temperature was raised to 110 °C and
experiments 9–12 were performed.

The pictures of liquid formed with ChCl as the hydrogen bond acceptor and
DMPA or TA as the hydrogen bond donor are shown in Fig. 2. It can be seen from
Fig. 2 that the clarification of the solution was improved with the increase of ChCl
in ChCl-DMPA and ChCl-TA systems. As shown in Fig. 2(9)–(11), when the molar
ratio of ChCl to DMPA is 1:0.67, stable and uniform transparent liquid is formed.
From Fig. 2(12), (13), it can be concluded that, when the molar ratio of ChCl to TA
is 1:0.5, stable and uniform transparent liquid is formed.

It can be observed from the preparation results of DESs that a stable and uniform
transparent liquid can be formed only when the preparation temperature is 110 °C
and the molar ratio of ChCl:DMPA is 1:0.67 or the molar ratio of ChCl:TA is 1:0.5.
In other words, DESs can be formed when the preparation temperature is 110 °C, the
molar ratio ofChCl:DMPA is 1:0.67 or themolar ratio ofChCl:TA is 1:0.5. Therefore,
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Fig. 2 Photographs of liquid: (9) ChCl: DMPA (1:2), (10) ChCl: DMPA (1:1), (11) ChCl: DMPA
(1:0.67), (12) ChCl: TA (1:1), (13) ChCl: TA (1:0.5)

the thermal stability of these two novel DESs was explored and the dissolution of
MOs was carried out with the two DESs.

Thermal Stability Analysis of DES

The stability of solvents directly affects their reliability and performance in large-
scale applications. DES has relatively good thermal and chemical stability, and its
thermal stability of DES can be assessed by decomposition temperature [31]. The
thermogravimetric (TG) analysis results of DESs ChCl: DMPA (1:0.67) and ChCl:
TA (1:0.5) are presented in Fig. 3.

In Fig. 3, it can be observed that these DESs ChCl: DMPA (1:0.67) and ChCl: TA
(1:0.5) exhibit excellent thermal stability, and the decomposition temperatures were
211 and 195 °C, respectively. It is also noticeable that the thermal decomposition
curve for all the preparedDESs exhibited two stages. First, a desorption/drying region
was observed, where a large mass loss was followed by a plateau. This behavior is
associated with the evaporation of a volatile component, namely, water [10]. Second,
a typical single stage decomposition curve was observed. When the temperature
was higher than 211 °C, ChCl: DMPA (1:0.67) began to decompose, and when the
temperature was higher than 195 °C, ChCl: TA (1:0.5) began to decompose, which
is due to the decomposition of organic acids. When the temperature is above 305 °C,
the mass of these DESts tends to be stable. The similar trend of the thermal stability
was previously reported by several researchers for the ChCl-based DESs [32, 33].
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Fig. 3 Dynamic TGA analysis of the investigated DESs

Dissolution of Metal Oxides

The solubility (g/L) of MOs ZnO, Fe2O3, Fe3O4, and V2O5 in DESs ChCl: DMPA
(1:0.67) and ChCl: TA (1:0.5) was determined. The obtained solubility values are
depicted in Fig. 4.

From Fig. 4, it can be observed that the solubilities of ZnO, Fe2O3, Fe3O4,
and V2O5 in ChCl: DMPA (1:0.67) were 164.781 g/L, 2.347 g/L, 1.217 g/L, and
8.794 g/L, respectively. The solubilities of MOs in ChCl: TA (1:0.5) from largest to
smallest was ZnO > V2O5 > Fe3O4 > Fe2O3. Among them, the solubility of ZnO in
the two DESs is the highest. MOs are generally stable compounds because they form
ionic bonds between oxygen negative ions and metal cations, the strength of which is
measured by lattice energy. The larger the lattice energy, the stronger the ionic bond
and the more stable the crystal [34]. Both Fe3O4 and Fe2O3 have high lattice energy,
which makes them very stable, which can explain the low solubility of Fe3O4 and
Fe2O3 in the two DESs. The solubilities of V2O5 in ChCl: DMPA (1:0.67) and ChCl:
TA (1:0.5) are 8.794 g/L and 19.78 g/L, respectively. From what has been discussed
above indicate that these two novel ChCl-organic acid DESs are excellent solvents
for the solubility of MOs.
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Fig. 4 Solubility of the metal oxides in the prepared DESs

Conclusions

Combinations of ChClwith different organic acids (i.e., phthalic acid, 2,2-dimethylol
propionic acid, glutamic acid, tartaric acid) were tested for novel ChCl-organic acid
DES formation, resulting in two novel ChCl-organic acid DESs: (1) ChCl: DMPA
(1:0.67) and (2) ChCl: TA (1:0.5). The thermal stability of the newly reported DESs
was determined. DESs ChCl: DMPA (1:0.67) and ChCl: TA (1:0.5) were found
stable at temperatures lower than 211 and 195 °C, respectively. The solubility of
MOs ZnO, Fe2O3, Fe3O4, and V2O5 in DESs ChCl: DMPA (1:0.67) and ChCl: TA
(1:0.5) was measured. The solubilities of ZnO, Fe2O3, Fe3O4, and V2O5 in ChCl:
DMPA (1:0.67) were 164.781 g/L, 2.347 g/L, 1.217 g/L, and 8.794 g/L, respectively.
The solubilities of MOs in ChCl: TA (1:0.5) from largest to smallest was ZnO >
V2O5 > Fe3O4 > Fe2O3. The results indicate that these two novel ChCl-organic acid
DESs are excellent solvents for the solubility of MOs.
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Abstract An understanding of the reaction phases formed during the high-
temperature oxidation of rare earth permanent magnets is vital for developing appro-
priate strategies for their pyrometallurgy-based recycling processes aimed at the
concentration andpotential recovery of the rare earth elements. The current studyuses
in-situ high-temperature optical microscopy combined with ex-situ scanning elec-
tron microscopy to analyze oxide growth on the surface of an end-of-life Ni/Cu/Ni-
coated NdFeB permanent magnet oxidized at 900 and 1100 °C for up to 4 h under
ambient air conditions. Distinct oxide morphologies were observed at the two oxida-
tion temperatures over time ranging from blister- and spike-like structures. At the
longest oxidation times, visible cracking of the surface of the magnet and protrusion
of Fe2O3 phase were observed. The presence of a Ni/Cu/Ni coating on the magnets
was found to significantly affect the oxidation growth; a nickel ferrite phase was
formed at 1100 °C after 4 h while at 900 °C, there was still discrete NiO and Fe2O3.
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Introduction

Neodymium-iron-boron (NdFeB) rare earth permanentmagnets (REPM) have awide
range of applications including in electric vehicles [1], wind power turbines [2],
and computer hard disk drives [3]. Typical NdFeB magnets contain up to 32 wt%
of rare earth elements (REEs) which is dominated by the light REE, neodymium
(Nd) [4]), but with minor praseodymium (Pr) and dysprosium (Dy) also present.
Recycling of end-of-life (EOL) NdFeB permanent magnets will be vital to support
the expected growth in global demand for Nd and Dy, due to the fact that these metals
had significant supply shortfalls in the recent past. In addition, direct mining of REEs
from ores generates many issues with regard to the environment as their minerals
commonly contain trace to minor radioactive elements such as uranium and thorium
[5].

The recycling of NdFeB magnets can be carried out through pyrometallurgy,
hydrometallurgy, and their combined routes [6–8]. Despite the challenges associ-
ated with its high-temperature requirement, the pyrometallurgy route offers some
advantages especially when renewable energy sources such as concentrated solar
energy are applied to supply the heat. In the pyrometallurgy approach, the oxidation
behavior of the EOL NdFeB magnet at high temperatures will govern how the mate-
rials will be processed in the subsequent steps, as well as its overall recycling process.
The aim of this oxidation step is to transform the REEs form into REE-oxides where
further processing would more easily take place.

In the context of recycling, there have been several studies regarding the high-
temperature oxidation of NdFeB magnets available in the literature. Firdaus et al.
[9–12] conducted oxidation studies in the range of 700–1200 °C. using new uncoated
magnets as the starting samples, observed the formation of Fe2O3 on the outer oxide
layer while the Nd was concentrated mainly in the form of NdFeO3 underneath,
particularly during the oxidation at the range of 1000–1200 °C. Using the same
temperature range, a similar pattern was also observed by Nababan et al. [5, 13]
which used Ni/Cu/Ni-coated EOL NdFeB magnets. This suggested that the Fe was
diffused outward while the Ni and Cu diffused inward and reacted with the formed
Fe2O3. The formation of Fe2O3 on the surface was a significant finding which has
an important implication on the general mechanism of concentrating both Fe and
REEs.

More detailed mechanistic studies of the oxide growth on the surface of NdFeB
magnets are still limited. This current study is focused on directly observing the
growth of oxide(s) on the surface of Ni/Cu/Ni-coated EOL NdFeB magnets in
the early stage of oxidation at 900 and 1100 °C. In-situ high-temperature optical
microscopy combinedwith ex-situ scanning electronmicroscopywas used to analyze
the oxide growth on the surface for an oxidation period of four hours under ambient
air conditions.
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Table 1 Chemical composition of typical REPM samples (wt%)

Item Element

Nd Pr Dy Fe B Nb Co Al Ni Cu

EOL NdFeB magnet used in this
work

17.0 5.4 4.51 68.43 1.0 0.16 0.93 1.0 0.85 0.72

Methodology

Sample Preparation

TheEOLNdFeBmagnet samples used in this studywere obtained fromNote Printing
Australia Ltd., Australia, and were previously used in banknote machine printing.
Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) was used
to determine the chemical composition of the magnets, and the results are shown in
Table 1.

The samples were firstly cleaned in an ultrasonic cleaner in acetone medium
to ensure any contaminants were removed from the surface. This was followed by
thermally demagnetization of the samples at 300 °C for 30 min in an oven. This step
was not found to oxidize the samples or change their microstructure.

Sample Characterization

The microstructure observation and surface analysis of the original magnet and the
oxidized EOL NdFeB magnet samples were carried out using Scanning Electron
Microscope (SEM) equipped with Energy Dispersive X-ray (EDX) spectroscopy
(for generating elemental distribution maps and providing semi-quantitative chem-
ical composition analyses). Figure 1 shows the cross-sectional microstructure of the
original NdFeBmagnet used in this study. It shows the Ni/Cu/Ni coating layer on the
surface of the magnet with a thickness of approximately 20 µm as well as the two
main matrix phases in the magnet, i.e. the � phase (Nd2Fe14B) as the main matrix
phase and an Nd-rich phase typically at grain boundaries.

Experimental Techniques

The oxidation experiment was conducted using Linkam Scientific hot-stage coupled
with an optical microscope (Olympus). The experiments were conducted at 900 and
1100 °C with the longest duration heating experiment being four hours. The setup
can be seen in Fig. 2. The sample was placed under a lens in the hot stage surrounded
by heating elements. Two flanges were kept open to allow the ambient air to circulate.
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Fig. 1 SEM back-scattered image showing the typical microstructure of the EOL NdFeB magnet
used in this study. The image shows the Ni/Cu/Ni coating layer, the intergranular Nd-rich phase,
and the main � matrix phase (Nd2Fe14B). Also included are corresponding EDX elemental maps
showing the distribution of the elements Fe, Cu, Ni, and Nd

A lid with a water-cooling system was installed to protect the direct exposure of the
heat on the lens. The heating rate on each experiment was set to 150 °C/min.

Fig. 2 Hot-stage microscopy apparatus used in this study
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Results and Discussion

Previous works by the authors [5, 13] studied the high-temperature oxidation of
the EOL NdFeB magnet through microstructural observations of cross-sections of
oxidized-samples. This current work aims to carry out a complementary, but more
detailed observation of magnet’s oxidation behavior by focusing on the oxide growth
on the surface in the early stages. Two oxidation temperatures, 900 and 1100 °C,were
selected in the current study.

Oxide Growth Observation During the High-Temperature
Oxidation of NdFeB Permanent Magnets at 900 °C

Figure 3 shows the optical images obtained from oxidation of a NdFeB magnet at
900 °C. The heating time to reach the target temperature was approximately six
minutes. It is important to note that the untreated surface of the magnet had some
surface imperfections (valleys) formed during its manufacturing process. Once the
temperature reached 900 °C, the surface was already fully covered by NiO which
formed due to the oxidation of the 1st Ni layer on the coating surface according to
Reactions (1) and (2) below:

Ni(s) + 1/
2O2(g) → NiO(s) �G

◦ = −135kJmol−1
(
900

◦
C

)
(1)

Ni(s) + 1/
2O2(g) → NiO(s) �G

◦ = −118kJmol−1
(
1100

◦
C

)
(2)

As the oxidation proceeded, after about 13 min, another oxide (predicted to be
Fe2O3) was observed to begin growing on the surface. The former nickel oxide
continued to grow bigger while some Fe2O3 was formed at other locations. A crack
on the NiO surface was observed after 50 min while at the same time, a distending
surface was observed. The crack continued to form and grow larger, particularly
on the distending surface. As clearly indicated in Fig. 3 at 170 and 240 min, the
NiO surface was cracked and significantly distended caused by the growth of Fe2O3

underneath.
The ex-situ SEM examination of the surface of the oxidized NdFeB magnet after

240min of heating at 900 °C is shown in Fig. 4a. Also shown are results fromwith the
EDXmapping from a smaller region in Fig. 4d. Results show the surface was covered
by a NiO layer with some cracks present. Figure 4c shows spiky Fe2O3 growing out
from underneath the NiO, thereby generating further cracks on the surface. The
growth of spiky Fe2O3 phase is shown in Fig. 4e where the Fe2O3 continued to grow
outward and to the side. Figure 4b, d shows the Fe2O3 that has grown along, and
penetrated through, the surface cracks.
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Fig. 3 Hot-stage microscope images of EOL NdFeB magnet’s surface oxidized at 900 °C for 4 h
in air. The heating rate is 150 °C/min

Fig. 4 SEM secondary electron images showing the surface of EOL NdFeB magnet sample
oxidized at 900 °C for 4 h in air. Also included are EDX element distribution map results showing
the distribution of O, Fe, Ni, and Nd across a selected imaged area (shown in Fig. 4d)

Oxide Growth Observation During the High-Temperature
Oxidation of NdFeB Permanent Magnets at 1100 °C

Figure 5 shows the transformation over time of the surfacemorphology of the NdFeB
magnet during the oxidation heating process up to 1100 °C under air atmosphere. The
hot-stage microscopy images were taken in one heating sequence with one sample.
The SEM images, however, were taken separately following a discontinued heating
process, i.e. one representative image was taken from each sample after heating to a
particular temperature.

Similar to the observations at 900 °C, the untreated surface of themagnet had some
surface imperfections (valleys) formed during its manufacturing process. At the early
oxidation stages, up to 500 °C, reflections with distinct colors were captured which
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Fig. 5 Hot-stage microscopy coupled with SEM images of EOL NdFeB magnet’s surface heated-
oxidized at 350–1100 °C in air. The heating rate was 150 °C/min

might indicate changes in the surface’s morphology and/or chemical composition.
The SEM images indicated significant grain growth (fine-grained) on the surface,
and the EDX analysis confirmed an increase of oxygen concentration. It is plausible
to suggest that the NiOwas already formed during the heating stage. At temperatures
higher than 600 °C, the surface reflections showed a relatively homogeneous color
which might indicate that the whole surface was fully covered by the NiO. As the
heating and oxidation continued to proceed, the oxygen concentration was increased
up to 47 wt.% at 1100 °C where NiO grain growth was pronounced.

Figure 6 shows the microscopy images during the oxidation of NdFeBmagnets at
1100 °C for 4 h, a continuation of the experiment presented in Fig. 5. It can be seen
that another oxide (indicated by arrows) grew immediately after 1 min oxidation.
The previous study [5] observed that the NiO layer on the surface was dissolved
and reacted with Fe2O3 as the oxidation proceeded which grew outward to form the
spinel phase NiFe2O4. For simplification, this study assumed that the formed oxide
was NiFe2O4 whereas the EDX result presented in Table 2 shows the approximate
composition of the oxide as, 36 wt.% O, 52 wt.% Fe, and 11 wt.% Ni. The reaction
might follow the Reaction (3):

NiO(s) + Fe2O3(s) → NiFe2O4(s) (3)

The nucleation of NiFe2O4 occurred in several different locations after a certain
period of time (e.g. 5 min), and the NiFe2O4 continued to grow and merge with the
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Fig. 6 Hot-stage microscope images of EOL NdFeB magnet’s surface oxidized at 1100 °C for 4 h

Table 2 EDX semi-quantitative composition analysis including the deduced phase from points 1–4
in Fig. 7

Element (wt%) Point

1 2 3 4

O 28.88 36.09 30.92 30.06

Fe 12.62 52.72 10.69 21.74

Ni 58.50 11.19 58.39 48.20

Deduced main phase NiO NiFe2O4 NiO –

Table 3 EDX semi-quantitative composition analysis including the deduced phase from points
1–10 in Fig. 9

Element (wt%) Point

1 2 3 4

O 27.42 32.16 27.70 30.25

Fe 5.23 66.80 27.70 4.96

Ni 67.35 1.04 5.12 64.79

Deduced main phase NiO NiFe2O4 Fe2O3 NiO
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other surrounding NiFe2O4. The NiFe2O4 layer almost fully covered the surface of
the magnet after 60 min of reaction time.

Figure 7 showsSEM images of the surface of aNdFeBmagnet oxidized at 1100 °C
for 1min, using SE and back-scattered (BSE)modes andwith semi-quantitative EDX
point analysis. The locations of the EDX point analyses are also given in Fig. 7,
and the results are presented in Table 2. Figure 7b–e illustrates the early stage of
NiFe2O4 formation. In Fig. 7d, Point 1 shows that the surface is dominated by Ni,
58.5 wt% with the Fe being 11.19 wt.% whereas Point 3 has a similar composition.
For simplicity, this phase was called NiO (with Fe in solution). It is interesting to see
another phase, with black color, formed on the NiO phase, marked by Point 4 with
a higher amount of Fe, 21.74 wt.%. This might indicate the outward diffusion of
Fe to react with NiO. As the Fe continued to diffuse outwardly and react with NiO,
the NiFe2O4 formed bigger sized crystals and distended in shape (particle labelled
as 2 in Fig. 7d). EDX analysis confirmed an increasing amount of Fe up to 52.72
wt.% was associated with this phase. Furthermore, Fig. 7e shows that some blisters
coalesced with their surroundings. Figure 8 shows the surface of an oxidized NdFeB
magnet at 1100 °C for 5 min where it shows that the NiFe2O4 blisters were formed
at different spots and with the former blisters continuing to grow over time as shown
in Fig. 8b.

The microscopy images provided in Fig. 6 show that after being oxidized for
4 h, the formed oxides, which are dominated by NiFe2O4, had partially covered the
surface. Figures 9a, b show the SE/BSE SEM observation of the sample’s surface.
Figure 9a shows a layer of spiky oxide covering some area on the surface of the
magnet with Fig. 9c showing a bigger magnification of a specific area in Fig. 9a.
Based on the EDX result, the outer oxide layer was dominated by Fe, marked by
Point 2, with a composition of Fe up to 66.80 wt% whereas the surface area covered

Fig. 7 SEM secondary electron and back-scattered electron images showing the surface of EOL
NdFeB magnet sample oxidized at 1100 °C for 1 min. Also included are EDX element distribution
maps for O, Fe, Ni, and Nd across the selected imaged area
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Fig. 8 SEM secondary electron and back-scattered electron images showing the surface of EOL
NdFeB magnet sample oxidized at 1100 °C for 5 min. Also included are EDX element distribution
maps for O, Fe, Ni, and Nd across the selected imaged area

by NiO was still present, marked by number 1, with a composition of Ni up to 67.35
wt%. The other area provided in Fig. 9b shows a similar observation to the oxidation
at 900 °C. Instead of reacting with the NiO, the Fe2O3 cleaved the NiO to grow with
a spiky shape. This might occur due to the spalling of NiO which allowed the Fe2O3

to grow outward directly instead of reacting with the NiO.
The previous works [5, 13] showed that at higher temperatures (900–1200 °C),

the Cu and Ni (from the 2nd Ni layer), as the components of the coating, diffused
inward through the Nd-rich matrix phase in the substrate where the 1st Ni layer
on the surface was oxidized immediately to NiO. With longer oxidation time at
900 °C, the thin dense layer of NiO still remained on the surface. The observation

Fig. 9 SEM secondary electron images showing the surface of EOL NdFeB magnet sample
oxidized at 1100 °C for 4 h. Also included are EDX element distribution maps for O, Fe, Ni,
and Nd across the selected imaged area
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in the current study is in line with these, where at 900 °C, the outer surface was, in
general, homogenous with NiO but with some spiky Fe2O3 grown outward breaking
the NiO layer. Furthermore, with longer oxidation time at 1100 °C, the NiO layer
was diminished as it reacted with the Fe2O3 to form the spinel phase NiFe2O4 as its
reaction is more thermodynamically favorable at higher temperatures.

Conclusion

The growth of oxides on the surface of the EOLNdFeB permanent magnet during the
high-temperature oxidation at 900 and 1100 °C was investigated using in-situ hot-
stage microscopy. Ex-situ scanning electron microscopy was utilized to supplement
the analysis and to characterize the oxides. It was observed that at a lower temperature
of 900 °C, the surface was covered by a NiO layer with some growth of a spiky Fe2O3

from insidewhich penetrated theNiO layer. This observation indicated that at 900 °C,
the reaction between NiO and Fe2O3 was minimal. After four hours of oxidation,
the NiO layer remained while the Fe2O3 continued to grow outward. At a higher
temperature of 1100 °C, the Fe2O3 also grew from inside but at this temperature
it immediately reacted with the NiO layer resulting in the formation of a NiFe2O4

layer. A longer period of oxidation at this temperature led to the NiFe2O4 entirely
covering the surface. Both NiO at 900 °C and NiFe2O4 at 1100 °C, once covered the
surface, appeared to significantly reduce further oxidation.
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Introducing Membrane
Percrystallisation Technology
for Hydrometallurgical Applications

Siti Nurehan Abd Jalil, Julius Motuzas, and James Vaughan

Abstract Crystallisation is an important industrial unit operation for raw product
formation, purification, and waste removal. This process typically requires multiple
steps (crystallisation, solid liquid separation, and product drying) to attain the final
product. Here, we introduce a novel process: membrane percrystallisation which
achieves complete separation of solvent from solute in a single step. Liquid is vapor-
ised at the inorganic membrane permeate surface, whilst dry solid product is contin-
uously ejected from the permeate surface, under vacuum. This novel technology
has been demonstrated at the laboratory scale in metal recovery and waste brine
treatment applications. Membrane percrystallisation intensifies the process offering
a simple, compact, and closed system. Within this study, key percrystallisation oper-
ating parameters in salt crystallisation that employ supported continuous saccharides-
based carbon membranes will be discussed with examples of potential applications
in hydrometallurgical processes.

Keywords Carbon membrane · Saccharide · Percrystallisation

Introduction

Many industries including pharmaceutical [1], mining [2], bulk commodity chemical
industry [3], food ingredient production [4], and desalination [5] use crystallisation
in their processes to produce final products. The crystallisation process involves
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concentrating a solution to its saturated state which causes the crystallisation of solid
particles. Conventional crystallisation processes such as solar evaporative crystalli-
sation using ponds are utilised in mining wastewater and salt mining purification
applications [2, 6]. Solar evaporation is a relatively technologically simple process
with low energy requirements. However, the evaporation process is time consuming
and requires a large area. The process is also dependent on having dry and sunny
weather. Conventional evaporative crystallisation has limits in the type of crystal
particle characteristic that can be obtained. This is due to limitations in controlling
supersaturation conditions due to imperfect mixing. This process also requires high
energy usage relative to solar evaporation [7].

In this context, a new concept and approach in crystallisation process using
membrane technology is being investigated to overcome the limitations of conven-
tional crystallisation technologies. The membrane crystallisation process usually
allows better control of crystal growth compared with current commercial methods
[7–9]. Industrial membrane crystallisation inherently produces crystals on the feed
side of the membrane. Subsequently, there is a need for two additional processing
steps to filter and dry the wet crystal particles after the crystallisation process [10].
These extra processes increase system complexity, increases the plant size, and
generates low crystallisation rates [11–13]. Therefore, a novel technology, termed
membrane percrystallisation, has been proposed to overcome the current drawbacks
of membrane crystallisation processes. Figure 1 exhibits the schematic process flow
diagram of membrane percrystallisation and membrane crystallisation, respectively.

Polymeric membranes are commonly used in membrane assisted crystallisation.
They are also popular among researchers, especially in the field of water treat-
ment, due to their high selectivity, permeability, and low production costs [15]. For
instance, Drioli and co-workers used polypropylene membranes to recover sodium
chloride, magnesium sulphate hydrate, and lithium chloride [16]. However, poly-
meric membranes do exhibit disadvantages that reduce their attractiveness such as

Fig. 1 Schematic diagram of a membrane percrystallisation and b membrane crystallisation [14]
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limited long term stability, fouling, and poor chemical and thermal stability [17]. Inor-
ganic membranes, specifically carbon membranes, have advantages including low
fouling rates (and are relatively easy to clean), long service life, andmost importantly
temperature, pressure, and chemical high stability [18]. However, carbonmembranes
formed from polymeric sources must achieve a superior performance to polymeric
membranes to compensate for their higher cost. Therefore, application of a low-cost
precursor is recommended to overcome this challenge. Using saccharides to create
carbon membranes has many advantages such as low environmental impact, low
cost, and the material is abundant. So far, researchers have started to explore the
production of carbon membranes using saccharide precursor materials. Most of this
research has been in the development of gas separation technology [18].

This work will review the concept of using membrane percrystallisation in
hydrometallurgical applications and will include the promising results obtained
thus far. The inorganic carbon-based membranes investigated in this study utilise
sucrose as precursor. In addition, this work also presents the uses of monosaccha-
rides such as glucose and fructose to observe their potential as carbon-sources for
inorganic membranes for percrystallisation. There are several of characterisation
techniques are performed including SEM for membrane morphology analysis and
TGA as carbon materials characterisation. These characterisation works were corre-
lated to the performance of carbon membranes during percrystallisation application
and discovered the influence of salt produced. The final salt product has also been
characterised usingXRD to determine the types of crystalline phases formed. Crystal
size distribution, crystal shape, and product purity are often the properties targeted
by crystallisation processes.

Perspective on Membrane Percrystallisation

In 1917, Kober discovered the percrystallisation phenomena. He stated that when a
dialysable solute within the membrane container reaches saturation, it crystallises
on the outside of the membrane. Initially, experiments were carried out with sodium
chloride solution, ammonium, sulfate and starch digestion. As the crystals are practi-
cally dry and free from mother liquor, he concluded that percrystallisation should be
beneficial, in many chemical operations including those that use conventional crys-
tallisation as well [19]. Furthermore, experiments conducted by Tauber and Kleiner
have also shown that sodium chloride crystals (from enzyme-salt mixture) form on
the outside (permeate side) of a collodion bag. This process occurs by percrystallisa-
tion [20]. Overall, membrane percrystallisation can be defined as a process whereby
a membrane separates solvents from solutes in a single step, contrary to conven-
tional membrane crystallisation which requires three processing steps. No further
investigation is reported after this discovery until it was proposed by Motuzas and
co-workers in early 2018 [21]. However, in this case the researchers investigated
inorganic, rather than organic membranes.
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Motuzas et al. [21] reported the first demonstration of continuous percrystalli-
sation phenomena using food grade sugar as a precursor material for the carbon
membrane. The results indicate that these carbonised sugar membranes can create
a supersaturated condition which leads to the percrystallisation of compounds on
the permeate side of the membrane, under vacuum. Interestingly, this novel tech-
nology can be used in chemical, mining, or hydrometallurgical operations to recover
substances. In addition, this process has the added benefit of recoveringwater/solvent
which complies with new environmental regulations of zero liquid discharge. As a
result, dry NaCl crystals are continuously ejected off the membrane surface at a rate
of 48,000 kg/year/m2 of membrane surface. The authors proposed that the percrys-
tallisation process involves surface thin-film evaporation. This occurs due to the
formation of a wet thin-film on the permeate side of the membrane as illustrated in
Fig. 2. During percrystallisation, the wet thin-film is essential for the fast crystalli-
sation and water evaporation. Thin films are known to improve heat transfer, thus
promoting evaporation of water close to the solid–liquid-vapor contact line [22].

Further investigation of this phenomena was carried out by Madsen et al. [23].
Membrane morphological features and operating parameters were studied for the
percrystallisation of NaCl across sucrose derived carbon membranes calcined at
different carbonization temperatures. It was discovered that the highest carbonisa-
tion temperature (750 °C) produced both the highest membrane pore volume and
wet contact angle. The carbon membrane with the highest flux delivered the smallest
NaCl crystallite sizes, the smallest particle sizes, and the narrowest particle size
distribution. Therefore, some control over the particle size, morphology, and crys-
tallite size can be obtained by tailoring the membrane structure. With high flux and
water evaporation, NaCl crystals were ejected frommembrane surface, thus reducing
their particle aggregation and reducing crystal growth restriction. Madsen and co-
workers also explored the membrane percrystallisation process for nickel sulphate

Fig. 2 Proposed schematic
of continuous
percrystallisation via wet
thin-film [21]
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Fig. 3 SEM images of shape
of crystal produced from
different sucrose solution
concentrations during
membrane preparation [14]

production using the same sucrose-based carbon membranes [14]. The transport of
solution through the membrane affected the hydration state of nickel sulphate, as
well as its crystal type and shape as demonstrated in Fig. 3. The salt produced is pure
nickel sulphate heptahydrate with elongated and laminar crystal particles. More-
over, pure water recovery is attained and low activation energy also generated. These
studies highlight the promise of the membrane percrystallisation process in the field
of hydrometallurgy.

While the previous work only focused on a single type of salt solution, Moltedo
and co-workers [24] looked at more complex experimental studies. They coupled
percrystallisation with electrodialysis for solutions containing multiple salts and
brine effluent fromapulpingmill. They also developed a computational fluid dynamic
(CFD) model to study the effect of temperature and vacuum pressure during the
process. The authors found that the feed water temperature is critical in this process
and vacuum pressure must be sufficiently lower than the water vapor pressure to
allow the evaporation of the permeate solution at a rate that is sufficient to form dry
crystals. However, coupling percrystallisation with electrodialysis can result in high
energy consumption in industrial applications. Similarly, Meng et al. [25] discov-
ered that the feed temperature and operating pressure had a significant effect on
the morphology of NaCl salt produced. The salt flux reported was higher than the
capacity of existing solar-driven evaporator crystallisation technologies.

Inorganic carbon membranes offer many advantages such as high stability, low
fouling, and the ability to withstand harsh thermal, chemical, and high-pressure
environments. These characteristics are beneficial in hydrometallurgical processes.
Research thus far has highlighted the potential of membrane percrystallisation to
be useful in hydrometallurgical applications. Investigation into the use of different
sugar-types, including glucose and fructose, may give further insight into membrane
percrystallisation’s relevance to the sector. Furthermore, the cost of sugar is cheap
for membrane making, and salt can be generated much faster than the conventional
crystallisation process.
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Experimental, Results and Discussion

Material Preparation and Characterisation

Saccharides of fructose (F) supplied by Fisher Chemicals and glucose (G) provided
by Chem-Supply were dissolved in deionized water to produce 10 and 20 wt.%
solution, respectively. Subsequently, the solutions were transferred into a petri dish
and placed into a desiccator, then left for 2 h under vacuum. A Mettler Toledo
TGA–DSC apparatus was employed to determine structural and mass changes of
material where suitable profile of the thermal treatment applicable in the formation
of carbon membranes. The analysis was conducted with a heating rate of 5 ºC/min up
to 1000 ºC using continuous flow of nitrogen gas (65 mL/min). The thermal analysis
(Fig. 4) revealed the existence of several mass change steps in the carbon formation
from fructose and glucose. [26, 27]. In the first stage, a partial reduction in weight
of 10 wt.% is noticed up to 110 ºC. The change was attributed to the removal of
adsorbed moisture. The second mass loss occurring between 140 ºC and 220 ºC
was associated to the primary degradation of saccharide [28]. The third major mass
loss (220−700 °C) is related to the thermal decomposition of functional groups and
opening of cyclic rings within the structures. These TGA results corresponded to the
DSC measurements which were attributed to changes in the saccharide structures
[29]. The sample mass stabilises above 600 ºC and changes very little up to 900
ºC suggesting that functional groups were completely eliminated [30].This result
indicates that in order to get stable carbon materials, the samples must be treated
above 600 ºC. Thus, the carbon membranes were thermally treated at 700 °C for 4 h
under a continuous flow of nitrogen with a heating/cooling rate of 5 °C/min.

Fig. 4 TGA and DSC analysis of 20 wt.% of fructose and glucose where solid line is TGA and
broken line is DSC, 5 °C/min heating/cooling rate, N2 gas environment
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Membrane Preparation and Characterisation

The membranes were prepared using solution impregnation method as reported
elsewhere [31]. Porous α-alumina tubes (supplied by Ceramic Oxide Fabricators,
Melbourne, Australia) with ID/OD= 6/10mmwere used as supports to prepare infil-
trated membranes. The support was immersed completely in the saccharide solution
and placed in the desiccator with vacuum (<0.3 mbar) for 5 min. Subsequently, all
impregnated substrates were dried in an oven overnight at 60 °C and followed with
calcination at 700 °C (with a heating/cooling rate of 5 °C/min) for 4 h in nitrogen
atmosphere. The membranes were name accordingly such as F20 corresponds to the
membrane (M) produced from 20 wt.% of fructose solution.

The cross section and surface morphology (Fig. 5) of the membranes were
analysed by a JEOL JSM-7001F scanning electron microscope (SEM) with a hot
(Schottky) electron gun at an accelerating voltage of 2.5 kV at a working distance of
10 mm. Both membranes illustrated the impregnation of saccharides solution within
the alumina grains of support where membrane from 10 wt.% of glucose solution
was able to penetrate deeper than 20 wt.% of glucose solution. This can be related
to the viscosity of the saccharide’s solution. The surface morphology for G20 looks
smooth and no void as compared to G10.

Fig. 5 SEM images of a cross section and b surface morphology of carbon membranes where (1)
G10 and (2) G20
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Membrane Performance

For percrystallisation performance testing, the carbon membrane was placed in the
vacuum chamber. 10wt.% of NaCl solutionwas heated on a hot plate with a chemical
transfer pump used to circulate the solution throughout the system. The solution was
supplied through the inner shell of the membrane while the outside of the membrane
was exposed to vacuum (0.15±0.03 mbar). A condenser was immersed into liquid
nitrogen to collect the permeated water vapor through the membrane. The water flux
(L/(m2 hr)) was determined from the weight of collected water in the cold trap. The
schematic diagram of percrystallisation testing setup is presented in Fig. 6. The salt in
the vacuum chamber was collected for structural analysis. The mass of salt permeate
is measured by dissolving it and recording its conductivity. The conductivity of the
resulting solutionswasmeasured using a conductivitymeter (Model TPS labCHEM),
and the amount of collected salt was calculated from the standard calibration curve.
X-ray diffraction (XRD) patterns were performed on the salt crystals via A Rigaku
SmartLab X-Ray Diffractometer equipped with 9 kW rotating (Cu) anode X-Ray
generator operating at 45 kV and 200 mA and with a HyPix 3000 detector. The
tested range of 2θ was from 10º to 90º with a step size of 0.01º 2θ .

The solution flux using membranes prepared with fructose and glucose at 10 and
20wt.%of sugar concentration is shown inFig. 7a,whileXRDresults of salt collected
from F20 and G20 are illustrated in Fig. 7b. All testings are conducted with the
same process temperature (50 °C) and feed concentration (10 wt.% NaCl solution).

Fig. 6 Membrane testing in continuous percrystallisation using NaCl solution
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Fig. 7 a Solution flux of carbon membranes from fructose and glucose using different sugar
concentration and b XRD patterns of salt collected from F20 and G20, respectively

Glucose and fructose both belong to the same group of saccharides (monosaccha-
rides) and have the same molecular weight (180.16 g/mol) of anomer monohydrate
structures [32]. As a result, each category of fructose and glucose shows similar
results. For instance, the water flux for F20 and G20 are 41 and 42 L m−2 h−1,
respectively. This similarity is repeated for salt flux. In terms of sugar concentration
for the membrane preparation, the highest flux recorded was with the lowest sugar
concentration. Total flux (water and salt) for the G10 membrane is 55 L m−2 h−1,
higher than the 47 Lm−2 h−1 recorded for the G20 membrane. Overall, the reduction
in solution (combined water and salt) fluxes from G10 to G20 is 15%. Strong peaks
in the XRD graphs demonstrate the highly crystalline NaCl that is produced. There
are two major peaks at 2θ 31° and 45°, and several minor peaks (56, 66, 75 and 84°)
which attributed to the cubic (Fm-3 m) structure with space group number 225 (pdf
file 01-077-2064).

Correlation Discussion

The impregnated fructose andglucosefilms formahydrophobic surface, as evidenced
by TGA/DSC results shown in Fig. 4. Motuzas et al. [21] showed that a hydrophobic
layer is required to operate membrane percrystallisation. That is, a hydrophobic
surface facilitates the evaporation ofwater, leaving dry salt crystals, which are ejected
from the membranes permeate surface during operation. SEM micrographs show
that the surface morphology of G10 and G20 membranes differs (Fig. 5). The G10
membrane shows a patchy surface with areas of only partial film coverage. Mean-
while, the G20 membrane surface shows glucose completely covering the alumina
support. Similarly, the 20 wt.% glucose solution shows a more homogenous impreg-
nation of the alumina than the 10 wt.% solution. These observations correlate well
with the results of the membrane testing which show that G10 and F10 membranes
exhibit higher fluxes than the G20 and F20 membranes. It is proposed that this is
due to the G10 and F10 membranes having a lower mass transfer resistance through
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the membrane because of the lower carbon coverage, and thus higher porosity. This
proposition is supported by Mukherjee et al. [33], who found that increasing sugar
concentration decreased membrane pore volume.

This process achieves zero liquid discharge. In addition, all water recovered
contains no salt impurities. The salt collected is up to 7.3 kg/m2 in 1 h (64 000 kg/m2

per annum) which is slightly higher than that reported by Madsen and co-workers
[23]. Their study of sucrose-based carbon membranes recorded a highest salt flux
of 6.9 kg/m2/h. Meanwhile, Motuzas et al. [21] developed membranes using food
grade sugar as a precursor. These membranes produced around 5.5 kg/m2/h of NaCl
salt. The results from this study compare favourably to the 41 000 kg/m2/annum
salt flux reported from conventional evaporation crystallisation [34]. Furthermore,
solar pond evaporation crystallisation takes on the order of 6 months or longer, relies
on appropriate hot/dry weather, and produces wet salt crystals that required further
processing to obtain final salt product.

Conclusions

Saccharide-based carbon membranes are prepared using low-cost precursors and
can function in a membrane percrystallisation process under elevated temperatures
and pressures. This study has shown that crystallised salt crystals are successfully
ejected from the membranes permeate surface, allowing for largely continuous oper-
ation. This result opens the door for testing this technology in hydrometallurgical
applications involving a wide range of other metal feedstocks. It has been shown
that fructose and glucose, used as precursor materials, produce membranes with
promising product yields when operated in a percrystallisation mode. The salt yield
is up to 64,000 kg/year/m2 which higher than reported for conventional evaporation
crystallisation. These results show that membrane percrystallisation, operating as a
compact, closed system, without the need for subsequent processing steps, shows
potential for use in hydrometallurgy applications. Further process required can be
investigated in future to accommodate the industry demand.
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Leaching of Arsenopyrite Contained
in Tailings Using the TU-OX System
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Abstract Iron (Fe), being such an abundant element, is used in various industries
such as the steel industry. Similarly, arsenic (As) can be treated to obtain an indus-
trially useful by-product. For this reason, the leaching of arsenopyrite (FeAsS) from
mining tailings is silvered, using Thiourea (CH4N2S)-Oxalate (C2O4

2−) system. The
presence of FeAsS was confirmed by XRD and SEM–EDS, while the ICP analysis
indicated a content of 5.47% Fe and 0.93% As. Likewise, the parameters analyzed
were [CH4N2S] and [C2O4

2−]. As a result, the highest recovery of Fe was 21.29%
and As of 24.04%, in concentrations of Thiourea of 0.03 mol and Oxalate of 0.1 mol,
at 60 min.

Keywords Mineral tailings · Leaching · Oxalate · Thiourea · Iron · Arsenic

Introduction

Tailings are a by-product of mineral processing; most of these inert solids contain
non-ferrous species and abundant metal sulfides [1]. Continuous exposure to weath-
ering factors and improper handling generates acid mine drainage, which is caused
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by the oxidation of metal sulfides, such as arsenopyrite [2–4]. Arsenopyrite is mainly
constituted by arsenic (46%), iron (34.3%), and sulfur (19.7%) [5, 6]. However, this
species is also related to low-grade gold content, due to the inclusions it can have in
its crystal structure [7, 8]. On the other hand, iron is the fourthmost abundant element
in the earth; it is found in several geological deposits and in an important range of
minerals [9, 10]. It is used in the steel industry for the manufacture of various steels
and is considered the pillar of modern society [11–13]. While arsenic is associated as
one of the major contaminants due to the adverse health effects it can cause [14, 15].
At the same time, it can be processed to obtain a saleable by-product for the semicon-
ductor industry, wood preservatives, among others [16, 17]. Deng et al. [18], studied
the influence of pyrite on arsenopyrite leaching, using sulfuric acid, by leaching
experiments and electrochemical analysis, in order to provide information for the
treatment of refractory gold ores. As a result of leaching, the addition of pyrite facil-
itated the extraction of arsenic, while electrochemical studies indicated that adding
pyrite increased the conductivity of the electrodes and electrolytes, verifying the
catalytic effect of galvanic interaction on arsenopyrite leaching [18]. In a study by
Rogozhnikov et al. [8], the kinetics and oxidation mechanism of arsenopyrite were
evaluated, as well as the influence of pyrite on the reaction in order to determine
the mechanism of interaction and the efficiency of ferric ions in the dissolution of
arsenopyrite [8]. The objective of this paper is to evaluate the dissolution of iron and
arsenic present in arsenopyrite, contained in mineral tailings, using Thiourea (TU)
(CH4N2S) and Oxalate (Ox) (C2O4

2−) ion as leaching substances.

Methodology

The sample used for this work was donated by the mining company “El Espiritu”,
which is located in the Zimapán mining district and is characterized by the exploita-
tion of Pb, Zn, and Ag minerals [19]. In order to identify the mineralogical species
present, the sample powders were analyzed by the X-ray diffraction (XRD) tech-
nique, using an EQUINOX 2000 X-ray diffractometer, with Co − Kα1 radiation
(1.789010 Å) operating at 30 mA, 20 kV, and voltage of 220 V.

Subsequently, the powders of the sample were absorbed in epoxy resin, to obtain
a tablet, which was ground and polished to a mirror finish to be analyzed by the
technique of scanning electron microscopy with energy dispersive analysis (SEM–
EDS), using a JEOL brand equipment model JSM-6610LV, in order to confirm the
presence of iron and arsenic species.

To know the concentration of Fe and As, 1 g of the powders were used, which
were subjected to an acid attack composed of 20 ml of HCL and HNO3 in proportion
3:1 for 60 min, this digestion was carried out in triplicate. The solution obtained
was analyzed by the technique of inductively coupled plasma emission spectrometry
(ICP), using a Perkin Elmer model 8300 equipment.

The equipment used for the experimental leaching tests was a Thermo Scientific
HP88857190 heating grill, on which a 0.5 L reactor was placed, in order to keep
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the particles in suspension; an IKA model EW 20 agitation motor was used with a
PTFE propeller, and a Thermo Scientific Orion Ultra Triode Combination Electrodes
potentiometer was also used along with its pH/ATC electrode to monitor pH and
temperature throughout the dissolution process. The monitoring of the reaction was
performed by the ICP technique.

Results and Discussion

The results obtained by the different characterization techniques applied and the
dissolution curves corresponding to the leaching process are presented.

X-Ray Diffraction Analysis

Using the Match 3 program, the mineralogical species present in the mineral sample
were identified. Figure 1 shows the analysis of the diffractogram, where iron and
arsenic sulfides were recognized as pyrite [(FeS2) (96-901-0012)] and arsenopyrite
[(FeAsS) (96-210-4742)], as well as such as the presence of gangue species such as
calcium carbonate [Calcite (CaCO3) (96-101-0963)], gypsum [(CaSO4·2H2O) (96-
901-3172)], iron oxide [siderite (FeCO3) (96-901-5963)], and feldspar [Microcline
(Al1.03K0.986Na0.014Si2.97 O8)(96-900-5304)].

Fig. 1 X-ray diffractogram of the tailings from the “El Espíritu” mine
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Analysis by Scanning Electron Microscopy with Dispersive
Energy Analysis

To further the chemical–mineralogical characterization, the sample was analyzed
by scanning electron microscopy (SEM) with analysis of energy dispersive X-rays
(EDS), performing several point analyses. In Fig. 2a, the presence of calcite (CaCO3)
is observed, while, in other points, feldspar (KAlSi3O8) (Fig. 2b) and arsenopyrite
(Fig. 2c, d) respectively, using the latter as an extraction source for the leaching
process.

A metallic associate was also found that includes four mineral species related to
the content of iron and lead, as shown in the micrograph of Fig. 3, which correspond
to pyrite (FeS2), wustite (FeO), galena (PbS), and cerussite (PbCO3); the last 3 are
consideredminority species, which is why they were not identified byXRD. Figure 4
presents the X-ray EDS analyses of the 4 species containing iron and lead.

Fig. 2 Micrographs obtained with backscattered electrons and their corresponding X-ray analysis.
a Calcite (CaCO3). b Feldspar (KAlSi3O8). c X-ray EDS of the arsenopyrite (FeAsS) species. d
FeAsS micrograph obtained at 40 μm
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Fig. 3 Micrograph obtained by backscattered electrons of iron and lead species

Fig. 4 Analysis of dispersive energies of the mineral species related to the content of iron and lead.
a Pyrite (FeS2). bWustite (FeO). c Galena (PbS). d Cerussite (PbCO3)
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Chemical Analysis by Inductively Coupled Plasma Emission
Spectrometry

The results of the chemical analysis reported 5.57% iron and 0.93% arsenic in the
sample; these results were obtained by the ICP technique.

Thiourea Concentration

To evaluate the effect of Thiourea concentration, the following experimental param-
eters were established: [TU]= 0.03, 0.01, 0.007, and 0.001mol L−1, [OX]= 0.1 mol
L−1, T = 303.15 (K), pH = 2, solution volume = 0.5 L, sample content = 10 g, ro
= 37 μm, ω = 600 min−1 y t= 60 min. The monitoring of the reaction reported that
both elements show a similar behavior (Figs. 5 and 6), having a period of progressive
conversion that tends to stability. The maximum recovery for iron was 21.29% at
55 min; however, when using the lowest proposed concentration of 0.001 mol L−1,
only 12.07% was reached at 20 min of reaction. When using concentrations of 0.01
and 0.007 mol L−1, the recoveries obtained were similar.

In the case of As, a recovery of 24.04% is obtained at 35 min, using a concentra-
tion of 0.03 mol·L−1. While using concentrations of 0.01 and 0.007 mol L−1 after
30 min, dissolution of 22.69 and 20.67%, respectively, is obtained. Similarly, when
the concentration of Thiourea decreased to 0.001 mol L−1, a recovery of 13.81%was
reached at the same reaction time, increasing to 15.60% at 50 min.
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Oxalate Concentration

To evaluate the effect of sodium Oxalate concentration on iron dissolution, the
following experimental conditions were used: [TU] = 0.03 mol L−1, [OX] = 0.1,
0.0012, 0.0007 and 0 mol L−1, T = 303.15 (K), pH = 2, solution volume = 0.5 L,
sample content = 10 g, ro = 37 μm, ω = 600 min−1 y t = 60 min. The graphs in
Figs. 7 and 8 show the results obtained from the recovery of Fe and As after the
leaching process. When the Oxalate concentration decreases, the leaching curves
for both elements present a similar behavior, during the first minutes there is a brief
induction period, and later they go through a conversion process, ending in a stability
stage.

On the other hand, the recoveries of Fe and As increase by increasing the concen-
tration of Oxalate up to 0.1mol L−1, however, it was also observed that in the absence
of OX and using a [TU] of 0.03mol L−1, it can dissolve both elements forming stable
complexes [20], reaching recoveries of 11.56 and 9.25% respectively under certain
analysis conditions.
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Conclusions

Through the characterization techniques used, the presence of arsenopyrite (FeAsS)
was confirmed, mineralogical species that contains Fe and As. Additionally, pyrite
(FeS2), siderite (FeCO3), and wustite (FeO), which contain Fe, were found.

According to the results obtained by increasing the concentration of Thiourea and
Oxalate, a greater recovery of Fe and As is achieved; it can be seen that the reaction
of both elements behaves stable after 30 min, so it is not necessary to continue up to
the proposed 60 min of reaction. In addition, it was confirmed that Thiourea acts as
a leaching substance for Fe and As.
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Optimization of Citric Acid Leaching
Conditions for Zinc-Containing Electric
Furnace Dust Based on Orthogonal
Experiment

Zhihui Guo, Chengbo Wu, and Xuefeng Bai

Abstract Based on the harmless and resourceful treatment of zinc-containing elec-
tric furnace dust, the orthogonal design of 4 factors and 3 levels was used to explore
the effect of citric acid leaching experimental conditions on the leaching rate of Zn,
Fe, Pb, and other components. When the acid concentration is 0.8 mol/l, the leaching
temperature is 55 °C, the liquid–solid ratio is 8, and the leaching time is 60 min, the
leaching rates of Zn and Fe are 82.2 and 13.71%, and the removal rates of Pb, S, and P
are 93.08, 86.4, and 73.9%. According to experimental and theoretical research, zinc
can be extracted from zinc-containing electric furnace dust, and a leaching residue
with Fe content of 48.2% can be produced, which can be returned to the iron and steel
process for recycling. The test results can provide reference for the comprehensive
development and utilization of zinc-containing electric furnace dust.

Keywords Electric furnace dust · Citric acid · Zinc recovery rate · Leaching

Introduction

The increasing global demand for zinc resources and the depletion of global zinc
resources necessitate the development of secondary resources, and electric furnace
(EAF) dust is a high-value secondary resource. Electric furnace dust is one of the
wastes produced by ironworks. This waste is a by-product produced mainly in elec-
tric arc furnaces. Currently, as much as 20–40 kg of EAF dust is generated per ton of
steel [1]. Steel produced by this method produces a huge waste by-product. In zinc-
containing EAF dust treatment technology, while pyrometallurgical processes are
dominant in EAF dust recovery processes, there is a growing contemporary interest
in achieving sustainable and greener recovery methods to compensate for pyrometal-
lurgy Toxic heavy metals in the process and environmental issues caused by chlorine
and sulfur oxide emissions during electrolysis in traditional hydrometallurgy, selec-
tive leaching of metals is seen as one of the most lucrative solutions to problems
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associated with EAF dust recovery, with the advantage of dissolving Metallic zinc
and lead can be recovered as products separately from the solution, while iron-rich
slag can be used as a secondary raw material for the electric arc furnace process [2].

Zinc is mainly present in the form of zinc oxide and zinc ferrite. Wet treatment of
zinc-containing EAF dust is superior to pyrometallurgical processes; in addition, the
hydrometallurgical treatment process has good scalability and offers the possibility
of a selectivemetal recovery process route, inorganic acids such as sulfuric, nitric, and
hydrochloric. It has been extensively studied previously for the selective dissolution
of metals in EAF dust [3]. Among the three inorganic acids, sulfuric acid is the most
studied and promising option [4, 5] Although positive results have been observed,
most inorganic acids are expensive. For example, nitric acid and hydrochloric acid
require extensivewater cleaning of nitrates and chlorides, respectively, and to prevent
these substances from entering the furnace. On the other hand, organic acids such
as citric acid are highly selective for zinc while containing elements that are fully
compatible with electric arc furnaces [6]. Mineral acid leaching carries associated
problems and limitations, such as poor selectivity, low zinc recovery, and leaching
residue issues. To overcome these problems, a method that is both selective and
produces a recyclable iron-rich residue was investigated [7]. In this paper, citric acid
is selected for leaching in the leaching stage. Based on the harmless and resourceful
treatment of zinc-containing electric furnace dust, the orthogonal design of 4 factors
and 3 levels is adopted to explore the effect of citric acid leaching experimental
conditions on Zn, Fe, Pb, and other components. The effect of leaching rate,

Experimental

Experimental Materials and Preprocessing

After mixing the dried electric furnace dust, all elements are detected. After the
electric furnace dust was analyzed by X-ray fluorescence spectroscopy (XRF), its
chemical composition was obtained as shown in Table 1.

It can be seen from Table 1 that Zn, Fe, Ca, Mn, and Pb constitute a large propor-
tion of the zinc-containing electric furnace dust, of which Zn element accounts for
25.56%, and Fe element accounts for 20.04%. After washing, Zn and Fe elements
are obtained. The enrichment accounts for 31.01 and 24.64% respectively, and 94%
of Cl, 85.8% of K, and 73.6% of S are removed by water washing, which greatly
reduces the production cost of the subsequent electrodeposition recovery process of
zinc.
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Table 1 Chemical analysis
of major metal elements in
the studied EAF dust samples

Element The raw EAF dust
sample (wt.%)

Washed EAF dust sample
(wt.%)

Zn 25.56 31.01

Fe 20.04 24.64

Ca 12.25 11.38

Si 2.35 3.25

Cl 3.76 0.25

K 2.61 0.41

Mn 2.04 2.41

Mg 1.38 1.37

S 0.89 0.26

Pb 1.01 1.22

Al 0.65 0.89

Cr 0.39 0.47

P 0.09 0.12

Cu 0.08 0.1

Phase Composition of Electric Furnace Dust

X-ray diffraction (XRD) was used to detect it to determine its phase composition.
The detection results are shown in Fig. 1.

As can be seen from Fig. 1, the preliminary characterization shows that the
zinc element in the electric furnace dust mainly exists in the form of zinc ferrite
(ZnFe2O4) and zinc oxide (ZnO), while the iron element is in the form of zinc ferrite
(ZnFe2O4) and tetroxide. It exists in the form of three iron (Fe3O4), and ZnFe2O4

Fig. 1 XRD analysis results of electric furnace dust
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is formed by combining ZnO and Fe2O3 under the high temperature of electric
furnace steelmaking. Pb exists as PbO, Mn exists as MnO, and Cr exists as Cr2O3.
Other species include alkali metals; potassium, magnesium, sodium, and calcium.
Aluminum, silicon, and carbon are also present in large quantities.

Test Methods and Parameters

Before pretreatment, the zinc-containing electric furnace dust was homogenized,
dried in an oven at a temperature of 200 °C for 24 h, and a 1000 ml beaker was
used to perform water washing and leaching experiments in a water bath, which was
used to maintain. The leaching temperature, during the water wash and leaching, was
maintained at a constant stirring speed of 750 rpm using a laboratory stirrer. After
the leaching experiment, the dried leaching residue was analyzed by XRD.

Put 50 g of zinc-containing electric furnace dust pretreated with water into a
beaker, add a certain amount of citric acid to the zinc-containing electric furnace
dust to prepare a slurry, and then perform leaching at a set temperature. After the
leaching is completed, filter and fully wash the filter residue. Dry back for analysis.
The leaching rate of zinc was calculated by the slag meter method (Table 2).

The research is carried out in two stages. The first stage is the pretreatment of
zinc-containing electric furnace dust, namely thewaterwashing stage, and the second
stage is the experiment of leaching zinc with citric acid as the leaching medium.

It can be seen from Table 1 that KCl and other substances can be removed by
water washing pretreatment, which can greatly reduce the content of alkali metals in
the leaching residue and chloride ions in the leaching solution, and at the same time
enrich Zn, Fe, etc. Elements of value, meeting the requirements of environmental
protection and craftsmanship.

Table 2 Parameters used in
EAF dust washing and
leaching experiments

Water washing parameters Acid leaching parameters

Temperature: 25 °C
Washing time: 60 min

Temperature: 25, 40, 55°C
Pickling time: 60, 90, 120 min
Citric acid concentration: 0.4, 0.6,
0.8 mol/l
Liquid-to-solid ratio: 6, 8, 10
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Table 3 Factor level

Factor
level

A
Citric acid
concentration

B
Leaching temperature

C
Liquid-to-solid
ratio

D
Leaching time

1 0.4 25 6 60

2 0.6 40 8 90

3 0.8 55 10 120

Results and Discussion

Test Design

Fourth, the zinc-containing electric furnace dust after washing is used as the leaching
raw material. The effects of different concentrations of citric acid leaching, leaching
temperature, liquid–solid ratio, and leaching time on the zinc leaching rate of zinc-
containing electric furnace dust were investigated. The orthogonal design with 4
factors and 3 levels was adopted for the dust of electric furnace containing zinc, and
L9 (34) was selected to design the experiment. In the experiment, 750 rmp was used
as the stirring speed. Its 4 factors and 3 levels are shown in Table 3.

According to the factor levels in Table 3, 9 experiments were arranged. The
experimental conditions and results are shown in Table 4.

Orthogonal Test Results

It can be seen from Table 4 that the zinc leaching rate obtained in Test 9 is the highest
at 82.2%, and the weight loss of electric furnace dust is also the largest. The zinc
leaching rate obtained in Test 1 is the lowest, which is 60.1%, and the weight loss of
electric furnace dust is also the smallest. The weight loss rate of electric furnace dust
is proportional to the zinc leaching rate. The zinc leaching rates obtained in tests 2,
4, and 7 were all between 70 and 80%. The zinc leaching rates obtained in tests 3, 5,
6, 8, and 9 were relatively high, ranging from 80 to 90%.

Range Analysis

Since the test adopts the orthogonal test method of four factors and three levels L9
(34), each level of each factor participates in three tests, so in the range analysis,
the E value is the sum of the three levels of zinc leaching rate, and each level The
difference between the maximum value and the minimum value of the E value is the
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range value (r). The range analysis results are shown in Table 5, and the relationship
between the primary and secondary factors is shown in Fig. 2.

It can be seen from Table 5 and Fig. 2 that for the leaching rate of acid leaching
zinc, the range of factors A, B, C, and D is 9.63, 8.9, 6.7, and 5.6%, respectively, and
the range of factor A is the largest., is a significant influencing factor, indicating that
the leaching rate of zinc is closely related to the concentration of citric acid when
leaching electric furnace dust by citric acid method. The extreme difference value of
factorB is the secondmost significant factor, indicating that the leaching rate of nickel
is closely related to the leaching temperature. The extreme difference between factor
C and factor D is small, and the liquid–solid ratio and leaching time are the general
influencing factors. The significance of the factors affecting the zinc leaching rate is
A (citric acid concentration) > B (leaching temperature) > C (liquid–solid ratio) > D
(leaching time). The concentration of citric acid was a significant factor affecting the
leaching rate of zinc, the leaching temperature was the second most significant factor
affecting the leaching rate of zinc, and other factors had little effect on the leaching

Table 5 Range analysis

E /% Influencing factors

Citric acid concentration A Leaching temperature B L/S C Leaching time D

E1 214.71 217.11 222 223.29

E2 238.5 235.89 232.71 233.4

E3 243.6 243.81 242.1 240.09

E1 average 71.57 72.37 74 74.43

E2 average 79.5 78.63 77.57 77.8

E3 average 81.2 81.27 80.7 80.03

Range r/% 9.63 8.9 6.7 5.6

Fig. 2 Relationship between
primary and secondary
factors
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rate of zinc. This result is consistent with the trend of the influence of various factors
in Fig. 2. Since the concentration of citric acid and the leaching temperature have
a significant effect on the leaching rate of nickel, in order to ensure the leaching
rate of zinc, 3 levels and 3 levels should be selected for the two, namely A3 and
B3 are the optimal conditions. C-factor and D-factor can choose C3 and D3. That is
A3B3C3D3. That is, Test 9 is the optimal group. Therefore, the optimal conditions
for leaching zinc-containing electric furnace dust with citric acid are: liquid–solid
ratio of 10, leaching temperature of 55 °C, sulfuric acid concentration of 0.8 mol/L,
and leaching time of 2 h.

The Verification Test

Comprehensively considered factors such as range analysis results, economic costs
and operational indicators, and determined the optimal leaching scheme for zinc in
zinc-containing electric furnace dust as follows: citric acid concentration 0.8 mol/L,
liquid–solid ratio 8, leaching time 1 h, leaching temperature 55 °C. Three verification
tests were carried out under this condition, and the results are shown in Table 7

It can be seen from Table 6 that the effect of zinc leaching rate greater than 82%
can be obtained in the three verification tests, and the data is stable, indicating that the
test results are repeatable and reliable under the optimal combination of orthogonal
test conditions.

However, compared with Test 9, increasing the liquid–solid ratio and leaching
time, the leaching rate of zinc only slightly increased, mainly because zinc oxide has
basically completely entered the solution, and citric acid is difficult to leach zinc in
zinc ferrite, so consider When it comes to production cost, 2 levels of liquid–solid
ratio and 1 level of leaching time are selected, namely A3B3C2D1. That is, Test 9

Table 6 Validation test results

Test No Weight loss rate Zinc recovery rate

1 55.8 82.2

2 56.0 82.49

3 56.1 82.6

Table 7 XRF and element leaching rate of leaching residues in the optimal group test

Element Zn Fe Cl S P Mn Pb Mg K

Raw material
element/%

31.01 11.38 0.25 0.26 0.12 2.41 1.22 1.37 0.41

Leaching residue
element/%

12.46 48.13 0 0.08 0.07 4.43 0.19 1.52 0.15

Leaching rate/% 82.2 13.7 100 86.4 73.9 18.8 93.1 51 83.4
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Fig. 3 XRD of leaching
residues in the optimal group
test

is the optimal group. Therefore, the optimal conditions for leaching zinc-containing
electric furnace dust with citric acid are: liquid–solid ratio 8, leaching temperature
55 °C, sulfuric acid concentration 0.8 mol/L, and leaching time 1 h (Fig. 3).

The XRD examination of the zinc-containing electric furnace dust after leaching
under optimized conditions, namely Test 9, showed that there were mainly two
phases, namely zinc ferrite (ZnFe2O4) and ferric tetroxide (Fe3O4) in the form. After
XRF analysis, the Fe content in the slag is 48.2%, which can be returned to the
iron and steel process for recycling. Whereas all the zinc in the form of ZnO was
transferred into the solution, the iron identified in the solution was derived from zinc
ferrite and ferrous oxide slightly decomposed by citric acid.

Conclusion

(1) Use citric acid leaching to pretreat zinc-containing electric furnace dust.
Different factors in the leaching process have different influences on the zinc
leaching rate. The concentration of citric acid has the greatest influence on the
zinc leaching rate, which is the most significant factor. The second influence is
the second most significant factor, while the leaching time and the liquid–solid
ratio have little influence on the zinc leaching rate, which is an insignificant
factor.

(2) Through variance analysis and range analysis of orthogonal test results, it is
determined that the optimal acid leaching test conditions are when the concen-
tration of citric acid is 0.8 mol/l, the leaching temperature is 55 °C, the liquid–
solid ratio is 8, and the leaching time is 60 min, and Zn, Fe The leaching rate
was 82.2% and 13.71%, and the indicators were ideal.
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(3) The study revealed the influence of different factors on the zinc leaching rate
during the citric acid leaching process of zinc-containing electric furnace dust
and optimized the acid leaching test conditions.
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Optimization of the Ratio of Air and Fuel
in Ignition Chamber of Sintering
Machine

Yapeng Zhang, Wen Pan, Shaoguo Chen, Huaiying Ma, Xiaochen Zhang,
Jie Liang, and Sida Ren

Abstract The concept of heating strength of sintering surface is introduced, which
is used as the evaluation standard of sintering ignition effect. At the same time,
ignition system in Shougang Jingtang sintering machine (550 m2) was studied and
analyzed. The results showed that, with the increase of air–fuel ratio (A/F), the high
temperature (above 1000 °C) holding time was extended on the sintering bed surface
at the condition of fixed gas flow in ignition chamber. Themaximum temperature also
rose, whichmeans that the heating strength of sintering bed increased and the ignition
effect improved. By increasing air–fuel ratio (A/F), the coke oven gas consumption
decreased by 247 Nm3/h, and the sinter quality index remained stable in Shougang
Jingtang Company.

Keywords Ignition system · Air–fuel ratio · Heating intensity · Energy saving ·
Sinter quality

Introduction

Energy consumption of sintering process accounts for about 12% of the total energy
consumption in iron and steel producers, and the ignition accounts for about 10%
of the sintering energy consumption [1–3]. Reducing the energy consumption of
ignition has a positive significance for energy saving and emission reduction of iron
and steel producers.

The purpose of sintering ignition is to supply sufficient heat to the surface layer
of the sintering bed, so that the solid fuel on the surface layer can be ignited and
burned. The surface blend can be dried, preheated, and sintered under the action of
high-temperature flue gas in the igniter [4]. The sintering ignition is a process in
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which the igniter heats the surface layer of the sintering mixture through combustion
of the exhaust gas which radiates heat, and the combustion of carbon in the blend
jointly heats the surface layer of the sintering bed [5]. The process directly affects
the thermal state of sintering, and ultimately affects the sinter quality and energy
consumption [6]. So the reasonable control of ignition process and the temperature
field of sintering bed is particularly important [7].

The sintering ignition system mainly includes the control and selection of param-
eters such as gas flow, air flow, air–fuel ratio (A/F), etc. Most of the systems are
adjusted and optimized based on the internal temperature or heating strength of the
furnace. In order to further study the heat distributionwithin the sintering bed surface,
this paper introduces the heating intensity index to optimize the system of two 550
m2 sintering machines of Shougang Jingtang.

Research Methods and Theory

Tracking Measurement of Ignition Furnace Temperature

An online furnace temperature tracker was used in the experiment, and K-type ther-
mocouple was used. The temperature measuring range is between 25 °C and 1300
°C.

During the experiment, the black box was placed above the sintering bed surface
from the entrance of the ignition furnace to ensure that the measuring point of the
thermocouple was in contact with the surface of the bed. The equipment was placed
in the ignition furnace during the operation of the sintering machine until removal.
The temperature change of the bed surface was recorded in real time with a recording
interval of 12 s, and the data was stored in the black box.

Heating Strength of Sintering Bed Surface

The measured sintering bed surface temperature curve in the ignition furnace is
shown in Fig. 1. In order to quantitatively measure the ignition effect, the concept of
the heating intensity of the bed surface is introduced.

First,we determine the temperature baseline of the high-temperature andmid-high
temperature areas of the sintering bed surface. The areas higher than the temperature
baseline are the high-temperature zone and the mid-high temperature zone of the
sintering bed surface. In the high temperature zone, the solid fuel in the sintering
blending combusts completely. In the mid-high temperature zone, the solid fuel in
the sintering blend reaches the ignition point and starts to combust. The larger these
two areas, the better the ignition effect. The areas of these two zones are defined as
the high-temperature absolute heating strength (AS1) and the mid-high temperature
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Fig. 1 Temperature curve of
the sintering bed in ignition
furnace

absolute heating strength (AS2) of the sintering bed surface, respectively. Equation 1
and Eq. 2 are the calculation formulas:

AS1 =
t2∫

t1

T (t)× dt (1)

AS2 =
t4∫

t3

T (t)× dt −
t2∫

t1

T (t)× dt (2)

where

AS1 Absolute heating strength of sintering bed surface at high temperature, °C·s;
AS2 Absolute heating strength of sintering bed surface at mid-high temperature,

°C·s;
t1 Intersectionof the baseline of the high-temperature area and the rising section

of the sintering bed surface temperature curve, s;
t2 Intersection of the baseline of the high-temperature area and the falling

section of the sintering bed surface temperature curve, s;
t3 Intersection of the baseline of the mid-high temperature area and the rising

section of the sintering bed surface temperature curve, s;
t4 Intersection of the baseline of the mid-high temperature area and the falling

section of the sintering bed surface temperature curve, s;
t Time to enter the ignition furnace, s;
(t2–t1) Duration of high temperature, s;
(t4–t3) Duration of mid-high temperature, s.

Because of the influence of running speed of the sintering trolley on the ignition
time, the absolute heating intensity of the bed surface cannot fully reflect the ignition
effect of the sintering ignition furnace. Therefore, the actual heating strength (CS1,
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CS2) of high temperature and mid-high temperature of the bed surface is introduced,
and the absolute heating strength of the bed surface is modified with the trolley
running speed V as a weighting coefficient. This factor is introduced in order to
better reflect the sintering ignition effect. Equation 3 and Eq. 4 are the calculation
formulas of the actual heating strength of the bed surface respectively.

CS1 = V × ∫ t2
t1 T (t)× dt

60
(3)

CS2 =
V ×

(∫ t4
t3 T (t)× dt − ∫ t2

t1 T (t)× dt
)

60
(4)

where

CS1 Actual heating strength of sintering bed surface at high temperature, °C·m;
CS2 Actual heating strength of sintering bed surface atmid-high temperature, °C·m;
V Running speed of sintering trolley, m/s.

Results and Discussion

The air–fuel ratio (A/F) of the ignition furnace of sintering machine of Shougang
Jingtang was adjusted step by step between 4.5 and 5.5. The bed surface temperature
was tested after the adjustmentwas stable. Tables 1 and 2 are the ignition and sintering
parameters under differentA/F ratios, and the bed surface heating strength parameters
are calculated according to the bed surface temperature curve.

Effect of Air–Fuel Ratio on the Maximum Temperature
of Sintering Bed Surface

When the gas flow rate does not change much (air–fuel ratio 5.15, 5.30, and 5.45),
the maximum temperature of the bed surface tends to rise with the increase of the

Table 1 Parameters of ignition and sintering

A/F Ignition furnace Air flow Gas flow Speed of sintering machine

°C Nm3/h Nm3/h m/min

5.45 1234 13,060 2405 2.30

5.30 1205 13,566 2549 2.28

5.15 1222 13,036 2530 2.31

4.30 1207 12,913 3022 2.28
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Table 2 Parameters of heating intensity of sintering bed surface

A/F AS1 AS2 CS1 CS2 t2–t1 t4–t3 Maximum temperature of sintering surface

°C·s °C·s °C·m °C·m s s °C

5.45 12,903 41,654 495 1597 72 136 1295

5.30 11,250 40,020 429 1524 67 135 1265

5.15 8868 39,123 341 1506 63 135 1237

4.30 11,787 40,172 447 1524 69 137 1287

Fig. 2 Relationship between
the maximum temperature of
sintering surface and the
ratio of air and fuel

air–fuel ratio. Especially when the air–fuel ratio is 5.45, the gas flow rate is the
lowest, and the maximum temperature of the bed surface is obtained, as shown in
Fig. 5.

Under the condition of low air–fuel ratio, the maximum temperature of the bed
surface could only be ensured by great increase of the gas flow. Taking the air–fuel
ratio of 4.30 as an example, to ensure that the maximum temperature of the bed
surface is equivalent to that of 5.30, it is necessary to increase the gas flow from
2549 Nm3/h to 3022 Nm3/h in operation (Fig. 2).

Effect of Air–Fuel Ratio on High Temperature Duration

As shown inFig. 3,when the gasflow rate does not changemuch, the high temperature
duration increases linearly with the increase of the air–fuel ratio, which indicates
that increasing the air–fuel ratio improves the temperature uniformity in the ignition
furnace, thus expanding the high temperature area. Similarly, under the condition of
low air–fuel ratio, only by greatly increasing the gas flow can the bed surface obtain
a high temperature retention time comparable to that of high-altitude fuel ratio.
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Fig. 3 Relationship between
the duration of high
temperature and the ratio of
air and fuel

Fig. 4 Relationship between
the duration of mid-high
temperature and the ratio of
air and fuel

It can be seen from Fig. 4 that neither changing the air–fuel ratio nor the gas flow
rate has any effect on it, which indicates that the size of the mid-high temperature
area of the sintering bed surface in the ignition furnace is fixed within a certain range,
and adjusting the ignition system has little effect on this area.

Effect of Air–Fuel Ratio on Heating Strength of Charge
Surface

The heating intensity of the sintering bed surface in the ignition furnace integrates the
temperature of the bed surface, the duration of the high temperature zone, and other
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Fig. 5 Relationship between
actual heating intensity and
the ratio of air and fuel at
high temperature

factors, which reflect on the ignition effect. Slight increase of the oxygen content of
ignition flue gas can accelerate the combustion process of solid fuel under the igniter
[8].

In general, the influence of air–fuel ratio on heating intensity is consistent in
Figs. 5 and 6. That is, when the gas flow rate does not change much, the actual
heating strength of the charge surface increases with the increase of air–fuel ratio,
and the ignition effect improves. In comparison, the air–fuel ratio has a significant
impact on the high-temperature actual heating strength, and a relatively small impact
on the mid-high temperature actual heating strength.

Under the condition of low air–fuel ratio, the high-temperature heating strength
of the bed surface can be obtained by greatly increasing the gas flow rate. That is,
by increasing the air–fuel ratio and appropriately reducing the gas flow, the ignition
effect can be improved and the consumption of ignition gas can be reduced.

Fig. 6 Relationship between
actual heating intensity and
the ratio of air and fuel at
mid-high temperature
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Table 3 Main quality index changes of sintered ore

Item A/F Gas flow Tumbler index Screening index Average particle size

Nm3/h % % mm

Before 5.1 1661 82.6 2.25 21.27

After 6.37 1414 82.71 2.2 21.52

Comparison 1.27 −247 0.11 −0.05 0.25

Effect of Industrial Application

According to the applied results of the heating strength of sintering bed surface, the
ignition air–fuel ratio of sintering machine of Shougang Jingtang was raised by 1.27.
The gas flow decreased from 1661 Nm3/h to 1414 Nm3/h. The changes of sinter
quality before and after implementation are shown in Table 3.

The ignition schedule was optimized based on the heating strength of the bed
surface and the fuel characteristics. The sinter drum strength, screening index, and
average particle size remained stable, improving the ignition effect and reducing the
gas consumption.

Conclusions

(1) When the gas flow rate is constant, with the increase of the air–fuel ratio, the
duration of the high-temperature area above 1000 °C on the sintering bed surface
and the maximum temperature increase, the high-temperature actual heating
strength of the bed surface also increases, and the ignition effect improves.

(2) Taking the high-temperature actual heating intensity of the bed surface as a
supplementary parameter to evaluate the ignition effect of the ignition furnace,
and combining itwith the average temperature of the ignition furnace to optimize
and adjust the ignition system, the ignition effect can be further improved and
the gas consumption can be reduced.

(3) Shougang Jingtang sintering company increased the air–fuel ratio by increasing
the opening of ignition air valve, and the coke oven gas consumption decreased
by 247 Nm3/h.

Acknowledgements The authors are grateful for the financial support of National Key R&D
Program of China (2017YFB0304300&2017YFB0304302).
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Preparation of Slag Wool Fibers Using
Casting Residue Slag Based on Gas
Quenching Technology

Wen-feng Gu, Jiang Diao, Jin-An Wang, Wen-Feng Tan, Hong-Yi Li,
and Bing Xie

Abstract In order to solve the problems of high cost, high risk, and serious environ-
mental pollution in the current treatment of molten casting residue slag and some of
the casting residue slag still cannot be effectively utilized, the molten casting residue
slag is treated by gas quenching technology to prepare slag wool fibers in this paper.
The mechanism of fiberization of molten casting residue slag in the process of gas
quenching is analyzed. The results show that the acidity coefficient of the prepared
casting residue slag fibers is 1.25. The total content of SiO2, Al2O3, CaO, and MgO
was 93.25%. The slag wool fibers with fibers diameter less than 3 µm is 54.57%.
This proportion decreases as the fibers diameter increases. 84.07%of slagwool fibers
diameter is less than 7 µm. The results show that the molten casting residue slag can
be prepared into the slag wool fibers that meet the application requirements by gas
quenching technology.

Keywords Casting residue slag · Gas quenching technology · Slag wool fibers ·
Fiberization · Acidity coefficient

Introduction

Slag wool fibers are widely used in various industrial and civil buildings due to their
light weight, low thermal conductivity, good sound absorption performance, insect
resistance, chemical corrosion resistance, and low price [1–3]. The sensible heat of
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molten slag directly injected into fibers can be recycled, which is consistent with the
global policy on energy saving and emission reduction [4]. It is an effective way to
realize the high added value utilization of slag. The preparation methods of slag wool
fibers mainly include injection method, centrifugal method, and centrifugal injection
method. It is prepared from molten slag such as blast furnace slag, copper slag, and
aluminum slag [5, 6]. Li et al. [7] conducted a pilot study on the modification of
blast furnace slag with quartz as a modification agent and the production of slag
wool fibers with high acidity coefficient using a high-speed centrifugal method. Four
samples of slag wool fibers were successfully prepared. The results showed a 50–
70% reduction in total energy consumption and production costs compared to the
traditional cupola furnace method. Zhao et al. [8] successfully prepared slag wool
fibers by high-speed air injection method using molten blast furnace slag modified
by coal ash as raw material. The results show that compared with the traditional
production mode, the energy consumption and pollutant emission are reduced by 70
and 90%, respectively.

The casting residue slag is a mixture of molten steel and slag left in the ladle after
continuous casting or ingot casting [9, 10]. At present, the casting residue slag in
China is often treated by direct hot pouring method, which forms slag blocks. After
repeated screening and magnetic separation of the casting residue slag, some of the
slag blocks are still discarded and cannot be effectively utilized [11, 12]. At present,
the treatment of casting residue slag has the disadvantages of high cost, high risk, and
serious environmental pollution. It is neither economical nor environmental friendly.

The casting residue slag has the characteristics of high Al2O3 content, which can
replace SiO2 to form the matrix framework in the preparation of slag wool fibers. At
the same time, it will increase the viscosity of the fibers and make the mineral wool
fibers thinner, which has a positive effect on increasing the chemical stability of slag
wool fibers [13, 14]. In addition, the casting residue slag contains a small amount of
TiO2 and MnO. The existence of TiO2 facilitates the formation of longer fibers and
also improves the chemical stability of the fibers, the surface tension, and viscosity of
the melt. MnO can reduce the melting temperature of casting residue slag, increase
its surface tension, and increase the chemical stability of slag wool fibers [15–18].

The gas quenching technology is safe and efficient for the treatment of molten
casting residue slag, simple in process, and low in investment. In addition, the injected
gas can be recycled, which is environmentally friendly. It can realize the sensible
heat recovery through the gas medium [19]. Therefore, based on the gas quenching
technology, the molten casting residue slag was treated to prepare slag wool fibers,
and a new way of utilizing the casting residue slag is developed to promote the high
added value utilization of its resources.
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Fig. 1 Schematic of the gas quenching system

Principle of Gas Quenching Technology

In the gas quenching technology, the free falling molten casting residue slag stream
is broken by blowing high-speed gas flow and stretched into fibers. Due to the effect
of high-pressure gas flow and its viscosity, the slag flow generates melt film and splits
into thin streams. The turbulence of the gas flow is intensified, and the thin streams
form melt filaments. Under the action of surface tension, the molten slag filaments
are stretched, grown, and thinned. Finally, the molten slag filaments are separated
from the surface of the melt film by the root contraction. Under the action of gas
flow cooling, the molten slag filaments are rapidly solidified and stretched to form
slag wool fibers (Fig. 1).

Fibers Forming Mechanism of Casting Residue Slag

In the process of treating molten casting residue slag by gas quenching technology,
the molten casting residue slag contacts with the high-pressure gas flow and rapidly
forms a melt film on the gas–melt contact surface. On the surface of molten slag
melt film, due to Rayleigh–Taylor instability, the surface wavelength has different
growth rates. Combined with the pressure fluctuation of low frequency and limited
amplitude, the wave below a certain cutoff wavelength will be fully attenuated by its
own force. The shear stress at the higher wavelength is greater than the resistance.
The wavelength of the melt film is multiplied and has different growth rates, thus
causing the instability of the melt film on the gas–melt contact surface. Due to
the instability of the melt film and uneven force on the surface, the protrusion is
formed. The protrusion is subjected to strong tangential stress along the gas flow
direction. Under the action of the gas on the surface of the melt film, the protrusion
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is rapidly elongated in the semi-solid state and is divided into fibrous form to form
melt filaments, as shown in Fig. 2a. Finally, the fibrous casting residue slag solidifies
and moves with the gas flow direction. During this process, under the influence of
impact and cooling caused by high-pressure gas flow, the molten casting residue slag
may also be broken by continuous impact, collision, shear, mutual friction, and other
effects of the gas flow, so as to form slag particles in the form of drop splitting, as
shown in Fig. 2b. This splitting mode is not conducive to the fibers formation of
casting residue slag.

Increasing the strain rate can help to prevent the melt filament from breaking and
promote its elongation during the dragging process of the molten slag melt filament.
According to the shear thinning characteristic of viscous fluid, the viscosity of the
slag melt filament decreases, preventing it from forming fibers. During the drawing
process of themelt filament, the gas flow takes awaymost of the heat, and the viscosity
increases sharply, which leads to the enhancement of the deformation resistance of
the casting residue slag and the reduction of the fibers forming rate. The existence
of the shear thinning characteristic delays the viscosity increasing trend to a certain
extent. Therefore, setting a reasonable injection parameter, regulating the gas flow
rate, and stabilizing a reasonable viscosity range of molten slag will help to conduct
fibers formation and improve the fibers formation efficiency. In the process of gas

Fig. 2 The morphology of
the gas quenching of casting
residue slag in molten state:
a Fibrous splitting; b Droplet
splitting
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quenching, the diameter of the nozzle, the flow rate and pressure of the gas flow, the
temperature, viscosity, and surface tension of the casting residue slag in the process
of high-speed gas will have a great impact on the fibers forming effect.

The Casting Residue Slag Wool Fibers

The chemical composition of casting residue slag wool fibers is characterized by the
content of SiO2, Al2O3, CaO, and MgO greater than 90 wt%. Acidity coefficient is
an important parameter to determine whether the casting residue slag can meet the
requirements of slag wool fibers raw materials. It refers to the mass ratio of acid
oxide and basic oxide contained in the casting residue slag [20], as follows:

acidity coefficient = mAl2O3 + mSiO2

mCaO + mMgO
(1)

When the acidity coefficient is too high, the fibers may be longer, the chemical
stability is improved, the service temperature is increased, but casting residue slag
is difficult to melt and the fibers are thicker. The chemical composition of slag wool
fibers of casting residue slag is shown in Table 1, and the acidity coefficient is 1.25.
The total content of SiO2, Al2O3, CaO, and MgO was 93.25%. Al2O3 and SiO2 in
slag wool fibers can not only affect their chemical stability, but also help to produce
long fibers. However, when the acidity coefficient gradually increases, the viscosity
of the slag also increases, resulting in a tendency for the fibers diameter to increase.
CaO andMgO belong to basic oxides, which have adverse effects on the formation of
solid fibers skeleton, thereby reducing the chemical stability of fibers. If the content
of CaO and MgO is reduced, it is beneficial to strengthen the firmness of the fibers
skeleton and improve the chemical stability. The raw materials are easier to melt and
obtain fine fibers.

The slag wool fibers produced by the gas quenching process of casting residue
slag are light yellow and filamentous, as shown in Fig. 3a. In addition, some fine slag
balls are mixed in the slag wool fibers. SEM is used to observe the fibers fracture
section, and it is found that the fibers of slag wool fibers are solid, as shown in Fig. 3b.
It can be seen that the fibers of casting residue slag are smooth and cylindrical. The
distribution of their fibers diameters is shown in Fig. 4. The slag wool fibers with
diameter less than 3 µm reach 54.57%. With the increase of fibers diameter, its
proportion gradually decreased. The GB/T 5480–2008 [21] requires fibers diameter
of less than 7 µm, and 84.07% of slag wool fibers prepared in the experiment meets

Table 1 Chemical compositions of casting residue slag wool fibers (wt%)

CaO TFe SiO2 MgO Al2O3 MnO TiO2 Other

34.40 4.00 10.95 6.99 40.91 0.86 0.79 1.09
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this requirement. Therefore, under the condition of reasonable gas quenching process
parameters, slagwool fibersmeeting the national standard can be produced by casting
residue slag.

Fig. 3 Topography of casting residue slag wool fibers: a macroscopic topography; b SEM image

Fig. 4 Diameter distribution of casting residue slag wool fibers
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Conclusion

Based on the summary of the mechanism of casting residue slag fibers forming, the
molten casting residue slag is processed to prepare slag wool fibers based on the gas
quenching technology in this paper. It is clear that the treatment of molten casting
residue slag by the gas quenching technology can produce slag wool fibers that meet
criteria for their use. However, there are still deficiencies in the preparation of slag
wool fibers products from casting residue slag, such as high slag ball content and
relatively uneven fibers diameter. The research in the future should also be combined
with the mechanism of slag fibers forming and a large number of experiments to
achieve the perfection and optimization of technology parameters. Furthermore, the
preparation and performance of slagwool fibers products should be further studied. In
the industrial production of slagwool fibers, the studyof its fibers formingmechanism
has a profound impact on the effective saving of energy and the improvement of the
quality and productivity of slag wool fibers products.
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Rare Earth Reduction: A Technological
Overview of State-of-the-Art Technology
and Novel Developments

Robert G. Rush and Patrick R. Taylor

Abstract Rare earths are critical to the future of green technology, especially for
wind turbines and electric vehicle motors. However, reducing these rare earths into
the metals is challenging metallurgically and economically. An overview will be
given on the state-of-the-art processes for reducing rare earths from the rare earth
oxides to the rare earth metal. The benefits and the challenges of the state-of-the
art processes will be presented. An overview of novel processes being developed
in the field will also be given. These novel processes range from innovations in
metallothermic reduction and molten fluoride electrolysis to ionic liquid electrolysis
of rare earth oxides and attempts of reducing rare earth oxides using solid oxide
membrane electrolysis. This lays the foundation for direction of future trends on
commercial rare earth reduction technology.

Keywords Rare earths · Metallothermic reduction · Electrolytic reduction · Rare
earth metal production

Introduction

Rare earth elements (REEs) are comprised of the lanthanides, scandium, and yttrium,
which have similar characteristics. Among the REEs, neodymium (Nd) is a key
critical material in the manufacturing of neodymium-iron-boron (NdFeB) magnets.
These magnets have the highest magnetic strength among other magnets and enable
high energy efficiency in energy technologies. These magnets, typically consist of
31% of Nd and 5.5% of another REE, Dysprosium, are used in wind turbines and
motors for electric vehicles (EVs) with a total magnet weight of up to 600 kg/MW
and 2 kg/vehicle respectively [1]. To describe this critical need in real life, about

R. G. Rush · P. R. Taylor (B)
Colorado School of Mines, 1500 Illinois Street, Golden, CO 80401, USA
e-mail: prtaylor@mines.edu

R. G. Rush
e-mail: rgrush@mines.edu

© The Minerals, Metals & Materials Society 2023
R. G. Reddy et al. (eds.), New Directions in Mineral Processing, Extractive Metallurgy,
Recycling and Waste Minimization, The Minerals, Metals & Materials Series,
https://doi.org/10.1007/978-3-031-22765-3_36

393

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-22765-3_36&domain=pdf
mailto:prtaylor@mines.edu
mailto:rgrush@mines.edu
https://doi.org/10.1007/978-3-031-22765-3_36


394 R. G. Rush and P. R. Taylor

0.75% of the United States’ 270 million cars are electric [2]. Therefore, a significant
amount of REEs is necessary for the US to migrate to EVs.

The world’s rare earth supply chain security is in danger of becoming an econom-
ical monopsony (a single buyer). China’s mine production in the last decade had
decreased from a 97% share in 2012 to a 57% share in 2020. The rare earth mine
supply has become increasingly diversified through new production in the USA and
Myanmar [3, 4]. Despite this, Chinese authorities are pursuing centralization of the
domestic and international REEs supply chain by consolidating the REEs sector in
China and promoting international standardization of REEs products [5]. Moreover,
China is using their current wealth to invest in their downstream supply chain, which
is almost 70% of worldwide rare earth consumption as of 2020 [3].

The important segment of the downstream supply chain involves the reduction of
the individual rare earth oxides into the rare earth metals. This is not only very energy
intensive but also difficult, since rare earth oxides are extremely stable to the point
that they cannot be reduced in normal reducing conditions [6]. This section of the
supply chain also has potential environmental hazards due to the production of toxic
perfluorocarbon gases (PFC), which is equivalent to 7,390–12,200 CO2-equivalents
[7]. China possesses about 90% of the rare earth reduction industry, which promotes
a worldwide production 9million tons of PFC gases per year of rare earth electrolysis
in a medium-emission scenario [8]. It is a strategic importance in western countries
to secure domestic downstream rare earth production, especially rare earth reduction.
This should be pursued to meet the increasing demand of green technology, to avoid
an economic monopsony, and to promote a greener rare earth production.

Brief Background

REEs are not “rare” in that they are not rare in the Earth’s crust, but “rare” in that
economically viable mineable concentrations of REEs are less common. Although
there’re many ores that bear REEs, 95% of the REEs ores in the world are bastnasite,
monazite, and xenotime [6, 9]. There are REEs ores that can also be found asmixtures
in rock formations such as basalts, granites, gneisses, shales, and silicate rocks. REEs
arewidely distributed in low concentrations. This, alongwith difficulties of obtaining
the ore with relative ease and the feasibility of extracting the metal from the ore,
contributes to categorizing these metals as “rare” [6].

Mining REEs can be relatively complex process. A schematic of processing REEs
is seen in Fig. 1. REEs are either extracted from hard rock deposits or placer deposits.
In hard rock deposits, the dominant source of REEs are carbonates followed by
pegmatites. Monazite is contained in sand-based placer deposits. Open-pit mines
extract hard rock deposits through drilling and blasting the ore. The ore is then loaded
and hauled to themill.Mines that exploit placer deposits extract REEs as a byproduct.
These deposits are extracted through dredging. The extracted ore undergoes multiple
beneficiations to increase the REEs concentration in the ore. This involves separation
of the ore and the gangue in the concentration through gravity separation, magnetic
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Fig. 1 Schematic of processing REE [6]

separation, and froth flotation. After the ore undergoes beneficiation, chemical treat-
ments are applied to the beneficiated ore to upgrade the rare earth oxide (REO)
concentrate of the ore and to remove unwanted impurities from the ore. A sulfuric
acid treatment can be used to selectively solubilize thorium, a radioactive material,
from the concentrate. Alkali treatments can also be used to recover phosphates as a
byproduct. A hydrochloric acid treatment upgrades a bastnasite concentrate to 70%
REOs and removes calcium, thorium, and strontium carbonates. An upgraded REO
concentrate can also be calcined to further upgrade the concentrate to 85–90% [6].

The mixed chemically processed REO is separated into its individual oxides
through multiple processes. Cerium, praseodymium, and terbium are removed
through selective oxidation [6]. Samarium, europium, and ytterbium can also be
separated by reducing the oxides to a divalent state. The rest of the mixed earths
undergo solvent extraction. Solvent extraction involves dividing groups of REOs or
individual REOs using two immiscible liquid phases. One of the liquid phases is a
non-aqueous organic phasewhile the other liquid phase is an aqueous solution.When
the liquid phases come in contact, the desired rare earths are distributed between the
two liquid phases [6]. This process can be seen in Fig. 2 which was used by Indian
rare earths. When purities greater than 99.9% are desired, Ion exchange is used [6].

Separated are earth oxides are the typical product of multiple rare earth processing
operations. These products are the reactants for metal conversion in most rare earth
reduction operations. The oxides are extremely stable, and consequently their reduc-
tion reaction becomes very difficult to perform [6]. This difficulty is even intensified
by theREOs and theREEs physical properties such as theirmelting points. Currently,
metallothermic reduction and molten fluoride electrolysis are the state-of-the-art
processes used to reduce these oxides.
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Fig. 2 Schematic of solvent extraction to separate individual REOs [6]

Metallothermic Reduction

Metallothermic reduction, which involves the reduction of a metal compound by
another metal, is one of the older technologies used for reducing rare earths and the
widely used reduction process for metal in general [10]. The fundamental thermody-
namics of metallothermic reduction reactions are expressed in the form shown below
[6]:

M(I )Xn + iM(I I ) = M(I ) + iM(I I )Xn/ i (1)

where M(I) is metal produced, X is the anion on the desired metal to be reduced,
which is a halide or an oxide, and i and n are the stoichiometric coefficients. Though
a reaction’s feasibility is preliminarily determined by the free energies of formation,
the products and reactants’ boiling point, melting point, vapor pressure, density,
viscosity, chemical reactivity, and alloying behavior are important to the success of
the reaction in ametallurgical and economic standpoint. REmetallothermic reduction
struggles to achieve these economic characteristics. The reactions usually involve
dispensing themetal as a powder. The reactionusually occurs at lowpressures tomake
to help avert additional refining. Metallothermic reduction may allow production of
REEs of higher purity than electrolysis because the metal product from electrolysis
can be contaminated from electrodes and trapped electrolytes [11, 12].
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Reduction Process

There are various ways at which fluoride-based metallothermic reduction can be
executed. A CaCl2-based process will be described in detail. The flowsheet of the
process is summarized in Fig. 3 [13]. The feed involves a two-phase melt at 850 °C
and a charge of rare earth fluoride. The firstmelt is of calcium chloridewhile the other
melt is a higher density metal alloy containing rare earths and iron. The initial charge
of CaCl2 is a variable in this process that the salt product would be about 1.5–2 times
the theoretical weight of the rare earth metal produce. This low ratio is preferred
for the reaction to facilitate a rapid reduction reaction and separation of a clean
product. The heavy iron-rare earth charge can also be adjusted to add desired alloys
to form rare earth products, such as magnets. The two-phase melt and the charge are
mixed with calciummetal and are fed into the reduction chamber. Once the reduction
chamber is charged, the reaction proceeds and the charge is mechanically stirred for
nomore than 45min to complete the reaction. Then the stir rate is slowed or ceased to
allow the heavier metal phase, containing the newly produced rare earth, to separate
and gather below the salt layer of the reduction chamber. The reaction produces a
rare earth-iron ingot and a mixture of calcium fluoride and calcium chloride, which
the calcium chloride is dried and recycled into the reduction reaction and the calcium
fluoride is used to prepare rare earth nitrates, which is the initial feed into the reaction,
into rare earth fluorides.

Fig. 3 General flowsheet of the chloride-fluoride reaction [13]
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Advantages and Disadvantages of Metallothermic Reduction

The advantages of metallothermic reduction are that the process produces REEs
with high purity and has lower energy costs [11]. Despite these advantages of metal-
lothermic reduction, the process usually requires vacuum distillation [6, 14]. Metal-
lothermic reduction processes are batch processes, hence the low productivity [6,
14]. Nevertheless, due to the process’ ability to have products with high purity,
metallothermic reduction has an important niche in the global market [11, 14].

Electrolytic Reduction

Metallothermic processes, alongwith other chemical reduction processes, fundamen-
tally rely on the availability of its reducing agents to reduce the rare earth compounds
to themetals and aremostly batch processes. However, molten salt electrolytic reduc-
tion is not reliant on chemical stability considerations and is continuous processes
[5, 8]. This process of reducing metals from their salts involves depositing a mixture
of salts into a molten bath. Rare earth metals are commercially produced at large
quantities throughout the world through this process.

Molten Fluoride Electrolysis

The following reactions occur within the molten fluoride-oxide system [15]:

RE3+ + 3e− = RE (2)

3O2− + 2C = CO + CO2 + 6e− (3)

These represent the cathode and anode reaction respectively.When combined, the
total reaction is expressed:

RE2O3 + 2C = 2RE + CO + CO2 (4)

The energy consumption for this process can be low as 1.334 kWh/kg theoreti-
cally for neodymium; but the energy consumption is as high as 11 kWh/kg of rare
earth element in commercial production [15, 16]. The process to reduce REO via
molten fluoride electrolysis is like the Hall–Heroult process for aluminum, except
the electrodes are in a vertical position. In one arrangement, the electrodes are about
2 cm in diameter. A tungsten cathode and a carbon anode are used to conduct the
electrolysis. A graphite ring anode surrounds the cathode and reacts with the ions
to produce CO and CO2. The anode–cathode distance (ACD) is determined by the
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cell set up and is non-adjustable. The electrolyte is 85 wt% RE fluoride and 15 wt%
lithium fluoride on average [16, 17]. A crucible is included at the bottom of the
cell to capture the metal and is periodically tapped out of the cell during operation.
The system can be run at temperatures as high as 1050 °C to deposit neodymium.
Iron cathodes are used for higher melting REEs, which deposit a low melting heavy
RE-Fe alloy [6]. Table 1 and Fig. 4 show the model and the processing features of
a 3 kA version of a molten fluoride electrolytic cell. The typical cell voltage and
operational current of these systems are 8–12 V and 2.5–3 kA respectively, with a
current efficiency between 70 and 75% [15, 17]. In the industrial scale, most molten
fluoride cells utilize 5–25 kA currents to obtain higher current efficiency and reduce
energy consumption [15].

In one arrangement, the chemicals may react to air, the whole process commonly
enclosed in a gas-tight pressure chamber made of steel as seen in Fig. 5. Glove and
view ports are included in the chamber for the operator. The cell is also attached to
pumps, which removes air and the product gases out of the system. A refrigeration
unit is included in the chamber to control the gas temperature increase to less than
50 °C [6]. A controlled flow of cool air or helium through a copper coil is located
beneath the cell, which is used to maintain a desire temperature for tapping and the
frozen electrolyte skull in the collection zone of the system [6].

The standard procedure begins by vacuum drying the solvent phase electrolyte
and depositing this solvent into the cell chamber. Once the chamber is depressurized
and backfilled with noble gases, the electrodes are lowered to solvent to melt the

Table 1 Characteristics of an
average 3 kA electrolytic cell;
adapted from [18]

3 kA cell (model)

Cell voltage 8.2 V

Cell current 2,200 A

Anode current distance 7.5 cm

Active anode area 1,600 cm2

Anode current density 1.38 A/cm2

Reverse decomposition voltage 1.32 V

Ohmic resistance anode 0.061 m�

Ohmic voltage drop anode 0.134 V

Ohmic resistance cathode 0.07 m�

Ohmic voltage drop cathode 0.155 V

Ohmic resistance electrolyte 2.71 m�

Ohmic voltage drop electrolyte 5.35 V

Anodic concentration corrected charge
transfer overvoltage

1.08 V

Anodic product diffusion overvoltage 0.13 V

Cathodic overvoltage 0.1 V

Total cell resistance 3.7 m�
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Fig. 4 Sketch of a 3 kA rare
earth electrolysis cell,
labelled as the following:
1—anode conductive plate,
2—cover, 3—thermal
insulation layer, 4—iron
layer, 5—asbestos fiber
layer, 6—electrolyte crust,
7—insulating bricks,
8—shell, 9—W cathode,
10—corundum gasket,
11—graphite crucible,
12—graphite anode,
13—Mo crucible, 14—liquid
Nd metal, 15—liquid
electrolyte [17]

Fig. 5 Protective atmosphere chamber used for RE electrolysis [6]
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Fig. 6 Process diagram of Nd2O3 molten fluoride electrolysis [6]

solvent and heat it to temperatures sufficient for electrolysis for the desired metal.
At this time the “skull” or “frozen bath” is formed electrolytes on the inner surface
of the vessel. This is used to prevent the reduced rare earth metal to contact with
the graphite crucible [6]. This part of the process is critical in that the geometry of
the electrode and the cell are designed to specifically maintain this electrolytic skull.
Once the cell is ready for electrolysis, the oxides are fed into the cell and the cell
switches from AC to DC power to undergo electrolysis. Some rare earths are fed
to produce a continuous reduction lasting for days, with occasional anode changes,
tapings, and recharges. Neodymium has difficulty in continuous feeding because of
its lower solubility. Hence, the oxide is intermittently fed into the cell, to control the
system at the cost of making the system semi-continuous. These cells are hand fed
manually and manually tapped with a titanium spoon [17]. The tapped metal in some
designs can also flow through a pipe into an inert casting chamber to be produced as
an ingot [6]. A simplified diagram is displayed in Fig. 6.

Challenges

The rare earth metal produced from the processes is in liquid form. Many issues
persist in this kind of extraction. The first issue concerning this type of extraction is
that REEs metals themselves dissolve in the metals of their halides, which consumes
the metal product. This not only decreases the cell productivity by decreasing the
yield, but the dissolved metal itself also imparts electronic conductivity, which
corrupts the fluoride to act as a proper electrolyte on the system. The metal solu-
bility in molten salts also increases with temperature. Therefore, care is required to
maintain the reduction cell at a consistent temperature.

Like the Hall–Heroult process, when the molten fluoride electrolytic process
low on oxides in the system, the fluorides began reacting to the graphite anode to
create instead PFCs, which ranges from 7,390 to 12,200 CO2 equivalents [17]. The
high voltage, high current densities, and lack of automation are factors perpetuating
even more PFC production. In some systems, ineffective off-gas suction hoods are
employed to capture the processes off gasses, but there’s no available technological
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solution to treating PFC gases [7]. However, it was shown that PFC can be emitted
at low concentrations at lower cell voltages [7].

The cell experiences a low current efficiency and a high cell voltage, which makes
the process very energy intensive. Many possible processes or phenomena in the
process that may contribute to this low current efficiency. One phenomenon involves
a back reaction occurring in the cell, which results in re-reducing metal to oxide back
into the melt [7]. Other phenomena that potentially contributing to the process’ low
current efficiency is the reduced rare earthmetal dissolving into the electrolyte, which
would decrease the recoverable metal yield and cause electric conduction through
the electrolyte. The system could also be also reducing lithium and calcium in the
system [19]. Molten fluoride’s low oxide solubility of about 2–3% is an issue with
the system, as well as the slow oxide dissolution within the cell [6]. Nevertheless,
since molten fluoride electrolysis is a continuous process.

Rare Earth Reduction—Novel Processes

As discussed in the previous sections concerning metallothermic reduction and elec-
trolytic reduction, there are many issues present in the processes. Concerning metal-
lothermic reduction, most processes are batch processes that have low productivity,
require distillation afterwards, and the reductantmaterials are expensive.Moltenfluo-
ride electrolysis has many problems such as PFC generation, low current efficiency,
low solubility, and high energy intensity. Therefore, a variety of new technologies
and innovations are being examined to improve the economic and environmental
efficiencies of the current systems, or to even create new processes to reduce rare
earth oxides.

Molten Sodium Reduction

There’s been attempts relating to reducing rare earthmetals using calciumand sodium
mixtures in metallothermic reduction. This involves using an amount of sodium
with calcium in reducing process or even reducing the rare earth oxide completely
with sodium. One of the most known successful processes using calcium-sodium
reduction is a process devised by Sharma [6, 20, 21]. The overall reaction in the
system is expressed:

Nd2O3 + 3CaCl2 + 6Na → 2Nd + 3CaO + 6NaCl (5)

The reaction takes place at 710–725 °C. The process takes place in a helium
atmosphere dry box apparatus, with a furnace. A schematic diagram of the reaction
vessel is shown in Fig. 7. A zinc-rare earth or an iron-rare earth eutectic alloy pool
to recover the rare earth from the salt phase was prepared by inserting the eutectic
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amounts of RE chunks and either iron or zinc in a tantalum reaction vessel. Then the
furnace is heated to 800 °C to melt the eutectic alloy. This eutectic alloy is used to
collect the reacted RE alloy so that the REwould be liquid at lower temperatures. For
example, the melting points of the eutectic compositions of Nd-Zn and Nd-Fe are
630 °C and 640 °C respectively. After the eutectic alloy is molten, the temperature
is lowered to about 700–725 °C, and additional Zn or Fe are added into the molten
pool along with the CaCl2 and NaCl salts. The salt composition of this is 70 wt%
CaCl2 and 30 wt% NaCl, though this salt can also be 95% CaCl2 and 5% KCl melt
(in this case pure sodium is added to the melt instead). When the desired operating
temperature is achieved, then a preweighted amount of Nd2O3 is added into the
melt. Then the stirrer is introduced, which is used to mix the oxide into the melt
to assist in the reduction processed. Then the reaction melt was fast-stirred for an
assigned time interval then slow-stirred for additional amount of time, both of which
are necessary for good yields. During the process, additional salts and Nd2O3 can
be added into the melt. Once the alloying time is passed, the stirrer motor is shut off
and removed from the melt. Then the reaction vessel is pulled from the furnace well
and quenched. Radiographs are taken of the reaction vessel, to indicate a clear, sharp
interface between the salt and metal; after this the salts are washed out the vessel
with warm-running water, and a RE alloy is obtained to be analyzed for chemical
composition. The process obtained 95% yields through salt/neodymium ratios as low
as 3.5. Although the stirrer position has little effect on the yield, the stirring pattern
and increasing the temperature increase the yield.

Despite the benefits of using a cheaper reductant metal in the process, there are
a few difficulties related to this process, and the first difficulty reflects having the
proper amount of sodium in the reaction. Sodium metal taken is more than the
stoichiometric amount necessary to compensate for the loss of sodium metal by
vaporization. However, if there is too much access of sodium metal, a Na-Ca melt
of higher sodium concentration will form, which will interrupt the NdOCl reaction
in the salt. Therefore, care must be taken to have a higher Ca concentration in the
Ca-Na melt to scavenge the rare earth oxychlorides of the system. Second of all, the
system is a batch system, which makes the process difficult to use commercially.

TheNanoscale Powder’s process involves the reducing neodymiumchlorideswith
sodiummetal to get Nd metal and salt [22, 23]. This is best expressed in Eq. 6, which
is conducted between 150 and 700 °C:

NdCl3(l) + 3Na (l) = Nd(s) + 3NaCl(s) (6)

Other metals are reduced with the neodymium to create a rare earth magnet alloy:

2NdCl3(l) + 14FeCl2(l) + BCl2(l) + 37Na(l) = Nd2Fe14B(s) + 37NaCl(s) (7)

A schematic of the reduction vessel is displayed at Fig. 8. Like Sharma’s reduction
vessel, it contains a mixer to assist in the reaction. Also, a feed tube (140 in Fig. 9)
is included in the reaction, which not only allows for controlled feeding during the
reaction, but also allows for the feed to be deposited as a liquid into the reduction
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Fig. 7 Reaction apparatus
for Sharma’s process [21]

vessel at (130 in Fig. 8). The curved inside is the vortex the mixer would create to
precipitate reaction. Lastly, (170 in Fig. 8) is a port with a freeze plugging valve,
which can empty the contents of the reactor without tipping the apparatus. The
reaction vessel is also within an airtight globe box (180 in Fig. 9), which permits the
operator to manipulate in the vessel while managing the reaction environment; the
box is filled with argon gas.

First the sodium is loaded into the furnace in a 5:1 stoichiometric excess ratio
to the reactants, which will be added later. Then the system is heated to 200 °C,
at which the sodium would transform into a liquid, since sodium’s melting point is
about 97.2 °C. Once the sodium is melted, then the vessel is heated to the desired
reaction temperature mentioned earlier, and the mixer is activated to create a vortex
within the molten sodium bath at speeds between 60 and 2000 rpm. Then the metal
chlorides are mixed into a stoichiometric ratio for rare earth magnets and are fed
into the system as liquids at small intervals. Once the metal chlorides are added to
make the system a 5:1 salt-metal ratio. Once the reaction is complete, the system
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Fig. 8 Reaction apparatus for Nanoscale Powder’s process [22]

Fig. 9 Keller’s electrolysis cell [26]
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Table 2 Comparison between Sharma’s process [21] and Nanoscale Powder’s process [22, 23]

Sharma’s Na system Nanoscale Powder’s system

Nd2O3 + 3CaCl2 + 6Na =
2Nd + 3CaO + 6NaCl (~750 °C)

2NdCl3(aq) + 14FeCl2(l) + BCl3(l) + 37Na(l)
= Nd2Fe14B + 37NaCl (~310–700 °C)

Nd2O3 administered as solid NdCl3 administered as solute with FeCl2(l)

Crucible must be extracted from system (batch
system)

Tap at bottom of crucible (more efficient batch
system)

Melting point of Na (97.2 °C)

Melting point of NaCl (801 °C)

Melting point of FeCl3 (306 °C)

Melting point of FeCl2 (677 °C)

Melting point of CaCl2 (772 °C) Melting point of BCl3 (−107 °C)

Melting point of Nd2O3 (2233 °C) Melting point of NdCl3 (758 °C)

is deactivated to allow the system to cool for product recovery. The bottom port is
opened, and the system is drained from the apparatus. The unreacted metal is either
syphoned off, evaporated, or reacted with chloride gas. The salt is removed through
washing products, evaporation, a rotary furnace, or ultrafiltration. Then the metal
powder is dried in a vacuum oven to produce the metallic powder. Although there’re
results of the process done with other metals, there’s no quantifiable data concerning
rare earth reduction. Nevertheless, Nanoscale Powders and Energy Fuels signed a
Memorandum of Understanding [24]. Sharma’s process and Nanoscale Powder’s
process is compared at Table 2.

A Low PFC Emissions Cell

The current anode design, which is a vertical cylinder, poses many problems
concerning ACD because this variable is not controllable. Since the side of the
cylinder is deteriorating from the reaction, not only ACD is decreasing, but even
the active anode area is dramatically decreasing, which leads to the process temper-
ature being highly variable, decreases the production capacity, and promotes PFC
emissions. Keller’s cell attempted to solve these problems [25], with the goal of
preventing PFC emissions, through redesigning the anode in the electrolytic cell,
which is seen in Fig. 9. The anode, which is (6) in the Fig. 9, is divided into several
plates, which were oriented radially with respect to the cathodes (4), to decrease the
current density bellow current densities at which the anode effect can occur. Open-
ings were also present between the plates to allow a free circulation of electrolytes
there between. The cell would undergo voltages around 2–5 V with low amperage
to avoid the anode effect to oxide contents as low as 0.01–0.1 wt%. A permeable
barrier is inserted between the electrodes to prevent CO and CO2 back-reacting with
the product rare earth metal and claims to be permeable to rare earth ions. Problems
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exist in this design. According to Keniry, critiqued that the anode design is complex,
and the wear of the anode plates are highly variable and wasteful [26]. Also, there
is a lack of demonstration that the barrier material between the electrodes is indeed
effective for rare earth permeation in the patent’s examples. Lastly, the inclusion of
such barrier material would result the cell being more energy intensive from a larger
ACD equivalent [26].

Dysinger’s Automatic Feeding Cell

Another issue related to molten fluoride electrolysis is that the feeding process is
done manually. This brings many issues regarding the ability to control the process
and to avoid the anode effect of the system, which will create PFC gasses. Therefore,
Dysinger designed and tested a feeder for his process, which was described in the
earlier in this work [19]. The powder feeder was designed and constructed from
stainless steel, which was continuously vibrated to prevent the clogging of oxide
powder into the electrolytic system. Not only the current efficiency was improved as
seen in Fig. 10 and the current density of the system improved from 0.6 A/cm2 to
even 1 A/cm2, but it also assisted in the increasing the sustainability of the anodic
density and helped prevent the build-up of undissolved Nd2O3 powder in the system
by dispensing the oxide evenly throughout the cell [19]. However, theDysinger didn’t
address the ability to scale the feeder to commercial sizes, which would be an issue
if the process is within a vacuum chamber.

Fig. 10 Actual and theoretical current density of Dysinger’s cell during continuous feeding [19]
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An Open Atmospheric Cell

Carbon anodes are used to reduce rare earths oxides. However, some of the unreacted
carbon from the anode deteriorates into the cell, which leads to undesirable about
of carbon contamination of levels greater than 400 ppm (the maximum allowable
amount of carbon for rare earth magnets) and causes a reduction in the current
efficiency [27]. Tamamura pursued to solve this problem by introducing oxygen into
the pressure chamber to counteract the rogue carbon in the molten salt [27], since
the carbon is most likely to be present at the top of the electrolyte pool. Although
this puts rare earth metal at the risk of back-reacting from an oxygen atmosphere,
this can be negated if the rare earth oxide has a smaller specific gravity than the rare
earth metal. If the oxide and the electrolyte have a smaller specific gravity than the
rare earth metal, the metal would gather at the bottom of the electrolytic cell and the
other chemicals would gather above the rare earth metal. Therefore, the metal can
be tapped at the bottom of the cell, which avoids the metal from being in contact
with the upper cell atmosphere. This is shown in Tamamura’s experimental results,
which showed that at oxygen partial pressures of 20–40 vol%, not only the carbon
content was as low as 40 ppm, but even the oxygen content was as low as 70 ppm
[27], which in turn the process produced a higher purity rare earth. Two trials were
performed in open air (78 vol% nitrogen, 21 vol% oxygen), and the data correlated
to the oxygen partial pressure trials. From the experiments, Tamamura concluded
that atmospheres with oxygen concentrations form 15–30% assist in converting the
rogue carbon in the cell, which floats at the top of the electrolytic bath, into CO2

and CO gas. If the oxygen content is less than 15 vol% the powder carbon in the
system increases, and if the oxygen content is greater than 40 vol%, the electrolysis
becomes vigorous, and problems arise in the system. This process comes at a caveat,
at which the electrolysis bath needs to be at a sufficient depth for rare earth metal’s
specific gravity to be an effect. This vertical depth also needs to accommodate the
vertical movement of the bath surface, which is caused by the generated anode gas,
also comes into play. Tamamura recommends the cell depth to be at least 10 cm to
produce high yield [27]. Figure 11 displays schematic views of the electrolytic cell,
which involves using flat anodes to increase current control quality and to prevent
the effective anode area of the cell from being substantially changed.

A Hall–Heroult MFE Process

There has been much research into developing the current vertical state-of-the-
art molten fluoride electrolysis process into a horizontal electrolytic process like
the Hall–Heroult process in aluminum electrolysis. Vogel describes research being
conducted in Beijing, China, ever since 2005 to develop a liquid bottom cathode cell
(which composes of the already reducedmolten REmetal) with horizontally oriented
electrodes [18, 28]. One of the prototypes of this process is a 3 kA liquid bottom
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Fig. 11 Overhead schematic view of Tamamura’s cell (left), presenting the anodes (13) and the
cathode (14) and cross section of Tamamura’s cell (right) [27]

cathode cell design, which is shown in Fig. 12. The prototype includes moveable
anode blocks, at which the anode can change the electrode distance of the cell, to
improve the cell’s efficiency. Also, the cell is in a quasi-stationary flow condition,
which is crucial for the electrolytes, the process control, and stability of the system.
The anode blocks and the quasi-stationary flow condition allow the electrode distance
and the free surface area to be decreased significantly, which leads to lower the cell
voltages of 8–15 V in the state-of-the-art systems to as low as 5–6 V [18, 28]. This is
because, according to Hass, the ion transport through the thin diffusion layer through
the electrodes is the rate determining step [16]. These blocks would be able to be
reinstalled with even larger electrodes without changing the sedimentation pattern
of the reduced metal [16]. According to Vogel, there are many Chinese-based publi-
cations for the heat balance, flow field, and electrical field for a conceptual 10 kA
liquid cathode cell; however, the design is not tested or ready to be implemented into
industrial production. One of the issues of testing this process is its complicated test
set up, which requires to obtain physical measurements from a running high temper-
ature corrosive cell. Because of this, Hass stated the near impossibility of such a
test setup [16]. Numerical simulation by CFD is therefore preferred to estimate the
behavior [16, 28]. Hass developed a CFD simulation of both this novel process and
the current state of the art processes, to simulate the flow velocities of the processes
and the flow direction and nature of the oxidized carbon [16]. These simulations, as
geometric models, are shown in Fig. 13. The flow diagrams of the same geometric
models are shown in Fig. 14. The simulation presents undisturbed interface between
the metal and electrolyte, which indicates that the system will promote high current
efficiency and very little product reoxidation [16]. Also, the upward directed flow
of the system counteracts the sedimentation of undissolved oxide particles, which
will prevent oxide contamination in the produced RE metal. However, this process
demands higher level of automation. According to Hass, the process needs a point
feeder like aluminum electrolysis, or an online oxygen concentrator measurement.
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This is because the product withdrawal of this novel process is difficult these addi-
tions are necessary to overcome PFC emissions [16]. Table 3 presents a summary of
the parameters of the novel cell in comparison to the state-of-the-art cell.

Fig. 12 Experimental 3 kA liquid bottom cathode cell design with moveable anodes fromNational
Engineering Research Center for rare earth materials in Beijing [18]

Fig. 13 Geometric model and phase distribution of a novel cell and b state of the art with lengths
in millimeters [16]
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Fig. 14 Fluid velocity distribution of a the novel cell and b the state of the art [16]

Table 3 Summary of
comparisons of modern and
conventional cell design;
adapted from [16]

Parameter Novel cell State-of-the-art

Product reoxidation Low probability High probability

Electrode distance
reduction

Possible Impossible

Dissolution rate
oxide

High High

Dwelling time gas
bubbles

High Low

Convectional mass
transport

Between crucible
and anode

Between anode and
cathode

Free surface area Low High

Dead volume Not existing Existing

Product withdrawal Pump system Ladle

Lynas Processes

In 2013, LynasRareEarths patented amolten fluoride electrolytic rare earth reduction
process. This process [26] is seen in Fig. 15. The electrodes to conduct electrolysis
are oriented horizontally. The electrolysis is conducted at an angle between 5 and
20°, and the channel (22) and the cathode (24) are combined into one unit, which
would promote the rare earth metal flow towards the sump, where it would be tapped.
The anodes (40), which are block-shaped, aremodified to accommodate a process for
vertically translating the anode position, so that the process would continue to have
the same ACD. The anode also does not need to be presloped since the electrolysis
wouldmake the anodes at the desired slope throughout the process. TheACD is about
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Fig. 15 Schematic of angled electrode cell (left) and cross-sectional view of cell (right) [26]

the same as the previous design; the process is virtually the same as the previous
process.

The operation of this cell is like other electrolytic cells. First, themolten electrolyte
is loaded in the cell, at which alternating current is supplied to raise the operating
temperature to the desired temperature. The operating temperature in this process
would be 5–50 °C greater than the freezing point of the metal. Then the feed material
is charged into the cell, which the feed material dissolves. After this, direct current
between 5 and 100 kA is supplied to the anodes, which commences the electrolysis
of the feed material. When the rare earth is reduced on the cathode, the metal falls on
the inclined channels at the bottom of the cell (22) and flow to the sump (16) at the
end of the series of electrodes. Throughout the process, the feed material is regularly
charged into the electrolytic cell at areas of high electric flow and the metal is tapped
at the sump (16).

SOM Electrolysis

Over the last decade, solid oxide membrane (SOM) electrolysis gained interest due
to improvements to the process [29–32]. This process involves the direct oxidation
of metal oxide which is expressed in the following equation:

RE2O3 = 2RE + 3/2 O2 (8)

The metal product is precipitated as either a gas, solid, or liquid, depending on
the temperature of the system. Oxygen is a byproduct in the system. The critical part
of the process is the anode which consists of the inert anode itself and the SOM.
The SOM selectively conducts the oxygen ions, which avoids possible dissociation
of molten salts at high voltages. This produces high current density and Faradaic
current efficiency. The SOM also prevents the oxygen gas back-reacting into the
system, which would promote high yields of the product metal.
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Fig. 16 Schematic diagram
of a SOM process used to
reduce Yb [33]

Most patents for SOM electrolysis describe the process to produce magnesium
metal and only refer to the process’ ability to reduce rare earths. However, Jiang
developed an experimental SOM process on reducing the rare earth metal Yb [33]. A
schematic of the process is presented in Fig. 16. The process involved using molten
fluorides with a mixture of Yb2O3 and a powder of 21 wt% LiF and 79 wt% YbF3,
all of which were mixed and heated to 850 °C to create a powder flux. A liquid
tin anode and a carbon anode collector was used for the process. A stainless-steel
cathode was also used, which was also used to stir the solution. Since Yb has a stable
+2 ion, YbF3 was converted to YbF2 by adding Yb metal and heating the fluoride
for 4 h. This fluoride is inserted into the cell. The electrolytic reduction process is
conducted at 800 °C. The process showed that the YSZ membrane was relatively
stable throughout run and electrode-reduced an amount of Yb on the cathode.

Ionic Liquids/Bourbos Process

Ionic liquids electrolytes are gaining interest over the last decade in Europe as a green
alternate process to classical electrolytic processes [34, 35]. This is because ionic
liquids have exceptional electrolytic characteristics [38]. And their salts are generally
liquid at ambient conditions less than 100 °C [36]. Ionic liquids also have high
chemical and thermal stability and negligible vapor pressure [36–38]. The University
of Alabama, Tuscaloosa found success in developing a process of reducing lead and
zinc using ionic liquids with a 86.7% and 95.6% current efficiencies respectively
[39].

Though this technology is still at its infancy, Bourbos proposed a potential elec-
trolytic rare earth process using ionic liquids [40]. Figure 17 displays Bourbos’ cell,
bywhich he conducted the process to reducemetals such as neodymiumwith the ionic
liquid n-butyl-n-methylpyrrolidinium bistriflimide (BMPTFSI). The cell consists of
a Cu wire cathode and a Pt wire anode, which are compartmentalized in the cell. The
anode is compartmentalized with a porous plug membrane, which allows a solution
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of 0.1 M of NdCl3 in dimethylsulfoxide (DMSO) solution to be contained in the
anolyte. An additional Pt wire acts as a reference electrode in the system, and the
electrodes are immersed in a 0.05 M Nd(TFSI)3 in a BMPTFSI solution. Nd(TFSI)3
is made from dissolving hydrated neodymium nitrate with the bistriflimide salt at in
a pure acetone solution, after which the solution is heated to 60 °C under vacuum
for 2 h to remove the acetone, and is heated to 100 °C for 24 h to remove water.
A thermostat is included in the system to measure the temperature and the cell is
stirred gently by a magnetic stirrer. A current of 30 µA is used in the process at a
temperature of 70 °C. NdCl3 in the anolyte is separated into Nd3+ ions and Cl− ions.
The chlorine ions are converted into chlorine gas by electromigrating to the anode.
The anolyte is compartmentalized from the rest of the reaction because rare earth
salts (other than rare earth bistriflimides) have low solubility in BMPTFSI electrolyte
and using bistriflimides as the sacrificial salt in the anodic reaction is very costly. At
the electrolyte, Nd(TFSI)3 is dissolved in the solvent through the following reaction:

[(x − 3)][TFSI−] + Nd(TFSI)3 → [Nd(TFSI)−x ] (9)

When the BMP+ ions electromigrated at potentials lower than −2.2 V, the BMP+

ions electromigrated to the cathode, carrying the Nd(TFSI)x− ions in the electrolyte
When the ions arrive at the electrode interface, TSFI− disassociates fromNd3+. Then
the Nd3+ ions transfer through the electrolyte-formed boundary layer, to the cathode
through electromigration. Once the Nd3+ reach the cathode, the neodymium ion is
reduced to the neodymium metal. The metal is recovered by washing the cathode
with DMSO and acetone, to dissolve the electrolyte layer.

Fig. 17 Schematic Bourbos’ ionic liquid experimental electrolytic cell (left) and a detailed
schematic of the cell’s anode (right) [40]
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Although the cell is conducted at a temperature less than 100 °C, some issues
are present in the process which could hinder its commercial production. The first
issue is the ionic liquid itself which is being used as the electrolyte, BMPTFSI.
Bistriflimides are very costly and difficult to synthesize [40],whichmakes the process
uneconomical when this electrolyte is being washed from the cathode for recovery.
Therefore, a process is needed at which the residue electrolyte is recycled to be reused
in the process. Also, due to the nature of the cathodic reaction described earlier, the
recovery of the rare earth metal from the cathode could be difficult and might require
the system to be a batch process than a continuous process if the process is scaled to
commercial production levels.

Microwave Hydrogen Plasma Reduction

Research is being conducted in the last decade to reduce REOs using hydrogen
plasma. Sceats conducted an experimental investigation to reduce neodymium oxide
with microwave hydrogen plasma with little success [41]. Sceats also concluded
that there is an advantage of using atomic hydrogen over molecular hydrogen in his
investigation [41].

Conclusion

There are various approaches to reduce rare earths which have been, or are being
researched, which ranges from improving molten fluoride electrolysis, to finding
new reactions in metallothermic reduction, to even exploring new innovations in
electrolytic reduction.Nevertheless,muchwork and research is still necessary to fully
understand not only the processes themselves, but the factors relating to scaling the
processes up to commercial levels, the capital investment required, and the potential
issues relating to these new systems. But this research and development is needed
if the world wants a green future. This area must be by supported by the pillars of
willing private investors and a supportive government if the world wants to stretch
out to grasp their dream of an environmental and sustainable green society.
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Recovery of Bismuth in Blast Furnace
Dust by Carbothermal Volatilization
Reduction

Huaixuan Feng, Yan Li, Jingsong Wang, and Xuefeng She

Abstract Blast furnace dust (BFD) is a kind of solid waste generated in the iron-
making process. It contains approximately 0.1% of bismuth (Bi). To reduce environ-
mental pollution and storage problems associated with BFD, direct reduction process
to recover Bi fromBFDwas proposed in this study. Thermodynamic calculations and
thermogravimetric analysis were first used to determine the initial reaction tempera-
ture between Bi2O3 and C. High-purity Bi2O3 and graphite were evenly mixed that
the carbon to oxygen ratio is 0.4, 0.6, 0.8, respectively and heated at 800–1200 °C
under 50 °C gradient for 2 h. Experimental results showed that almost all bismuth
volatilized at 1200 °C and Bi and BiO could be obtained in the condensation zone
by carbothermal reduction. Therefore, this study provides a new and potential useful
technology for recovery of Bi from BFD, as well as a certain practical approach to
comprehensively utilizing such metallurgical solid waste.

Keywords Bismuth · Carbothermal reduction · Blast furnace dust (BFD) ·
Resource utilization

Introduction

Bismuth [1] (Bi) is a rare metal, located in group VA of the sixth period of the
periodic table, and is widely used for electronics industry and medical field. With
the rapid development of science and technology, Bi continues to play a critical role
in semiconductors, superconductors, flame retardants, chemical reagents, electronic
ceramics, andmedical fields.Bismuth, and its compounds are used in themanufacture
of low melting point alloys [2], the most commonly used are bismuth and lead, tin,
antimony, indium, and other metals to form a series of low melting point alloys,
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which have special and important applications in fire protection and electrical safety
devices, such as for manufacture of automatic sprinklers, safety plugs for boilers,
electrical fuses, and automatic device signaling equipment. Adding a trace amount
of bismuth to steel can improve the processing properties of steel, and adding a
trace amount of bismuth to malleable cast iron can make malleable cast iron have
properties similar to stainless steel [3]. In addition, high-purity bismuth (99.999%
Bi) is used as a heat carrier or coolant in nuclear industrial reactors and can be
used as a material to protect atomic fission devices. In recent decades, the global
amount of bismuth is around 4,000 tons and is increasing year by year [1]. Hence,
the demand for Bi will grow rapidly along with the development of science and
technology. Bismuth is considered a critical metal [4], but it has a low occurrence
in the earth’s crust [5]. The content of bismuth in the earth’s crust is only 2 ×
10–5%, and it is difficult to form individual deposit under natural conditions. Most of
bismuth minerals are associated with tungsten, molybdenum, lead, tin, copper, and
othermetallicminerals. Bi exists in the state of elemental substance and compound in
nature. The main minerals include natural bismuth (Bi), bismuth (Bi2O3), bismuthite
(nBi2O3·mCO2·H2O), copper bismuthite (3Cu2S·Bi2S3), galena (2PbS·Bi2S), and so
on. Because of the low content of Bi, these minerals cannot be directly used for Bi
production.

The increasing demand for Bi has prompted researchers to search for Bi-
containing resources and explore more methods of extracting it. Instead, most Bi is
recovered from industrial by-products of the copper, lead and zinc smelting system
and steel industry. Among them, blast furnace flue dust (BFD) is an important
secondary resource containing several valuable metals like zinc, lead, iron, bismuth,
and indium, and its treatment and recovery have been broadly investigated during the
past decades. Therefore, bismuth has a wide range of uses, and it is very necessary to
recycle the secondary solid waste resources of bismuth in the face of large demand. A
very important source of by-product bismuth is the blast furnace system in the iron and
steel industry. An important source of the by-product bismuth occurs in the iron ore
concentrate in the strong reducing atmosphere and high temperature of blast furnace
smelting, volatilizes with zinc, and is enriched in the gas ash is the iron and steel
industry. The trace amount of bismuth occurs in iron concentrates volatilizes with
zinc and it is concentrated in blast furnace ash under the strong reducing atmosphere
and high temperature of blast furnace smelting. The content of Bi in blast furnace
dust can reach approximately 1% indicating potential for recyclingBi. Unfortunately,
the comprehensive utilization and harmless disposal of blast furnace ash in China is
relatively poor, and the amount of bismuth recovered from blast furnace ash does not
exceed 1,000 tons per year. This BFD provided by a domestic iron and steel plant,
which contains valuable elements such as zinc and trace rare metals. The chemical
compositions of the sample, given in Table 1, were determined by X-ray fluoroscopy
(XRF) combined with chemical methods. For accurate measurement, inductively
coupled plasma atomic emission spectrometry (ICP-AES) was used to determine the
content of bismuth in the dust as 0.8%. Currently, much effort has been devoted to
recovering valuable metals from metallurgical dust and sludge. Pyrometallurgical
process, hydrometallurgical process, and their combination are usually applied for
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Table 1 Chemical compositions of blast furnace ash

Fe2O3 SiO2 CaO MgO Al2O3 Cl PbO ZnO Bi C

54.3381 2.0319 29.7715 5.3219 0.2716 0.7892 0.0332 2.6277 0.8 0.9

treating the waste. Among them, the direct reduction process was considered as an
efficient and environmentally friendly method to separate and recover Fe, Zn, K,
and Na from the metallurgical wastes [6]. More than 95% of Zn and 80% of Pb was
removed from zinc-bearing dust by carbothermic reduction at 1503 K with a C/O
ratio of 1.0. The reduction behavior of BF dust particles during in-flight process was
studied using a high-temperature drop-tube furnace [7]. The results showed that the
effects of temperature and gas composition on the reduction degree were remarkable.
The coal-based reduction (carbothermic reduction) was considered as an efficient
method to separate and recover heavy metals from the hazardous waste [8], in which
zinc and lead oxides are reduced to volatilize by reductant or volatilized by volatile
agent. Unfortunately, these studies focused on the reduction of Fe compounds and
the migration of Pb and Zn components, but the removal behavior of Bi was rarely
investigated.

It was found that the reduction and oxidation of bismuth and its oxide is feasible
at temperatures of approximately 900 °Cwith the activation energies of 229.4 kJ/mol
and 173.6 kJ/mol for the reduction and oxidation reactions [9], respectively, at chem-
ical conversion of 0.7. Unlike Zn and Pb, the volatilization or removal of Bi elements
was highly relevant to the reduction behavior of the BFD, because the volatile Bi
compound existed the intermediate BiO, not just the final reduction product Bi. And
reduction product liquid bismuth was extremely volatile ordinary liquid bismuth
phase.

Therefore, in this study, the volatilization mechanisms and the migration behavior
of bismuth in the BFS were clarified by characterization of the phase transforma-
tion during carbothermic reduction, that is, the element migration process in the
carbothermal volatilization reduction process. The impacts of processing parameters,
especially the heating temperature, on the volatilization ratio of Bi were investigated.

Experimental

Materials and Apparatus

Since the content of bismuth in metallurgical dust is very low, we first conducted a
high-temperature reduction experiment with analytical pure Bi2O3 oxidizing reagent
and analytical pure graphite reagent and then studied the carbothermic reduction
process of bismuth in metallurgical dust. The bismuth oxide was fully mixed with
the graphite with in different mass ratios and extruded into the tablet under the
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Fig. 1 a Schematic diagram of horizontal tube furnace. b The temperature distribution of quartz
tube

pressure of 15–20 MPa which the mass is approximately 1 g. The diameter of the
tablet is 10 mm and the mass of the table is 1 g.

The main equipment used in the experiment was horizontal tube furnace as shown
in Fig. 1a. The furnace’s main components are a quartz tube (�40 × 1200 mm), a
temperature controller, argon shielding gas supply device, and a volatile collection
equipment. The middle of the furnace is the heating zone, and the left part is the
condensing zone, and the right part is connected with the exhaust pipe. In order
to collect the products in the process of reducing volatilization, graphite paper was
placed in the condensing area of the quartz tube during the experiment, and fiber
filter paper was placed at the end of the furnace tube to collect soot. The temperature
distribution of the whole furnace was accurately measured and calibrated by the S-
type thermocouple before the high-temperature reduction experiment.A schematic of
the reactant heating and product condensation from the heating process to the cooling
process is shown in Fig. 1b, where T0 represents the heating temperature and Tcond1,
Tcond2, Tcond3, and Tcond4 represent the condensation temperatures measured by the
four thermocouples condensing zones, respectively.

Experimental Procedure

As shown in Fig. 1a, a graphite paper was placed inside the quartz tube to collect
the condensation products. The horizontal tube furnace was preheated to a certain
temperature and then purged with argon (The gas flow is 100 ml/min) for at least
30 min prior to placing an alumina boat with a table into the hot zone of the quartz
tube. The experimental temperature was 800–1200 °Cwith a temperature gradient of
100 °C. The briquettes with carbon–oxygen ratios of 0.4, 0.6, and 0.8 were heated at
the designated temperature for 120 min to ensure sufficient reaction occurred. Then
the sample was cooled to the ambient temperature under argon flow.
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Fig. 2 The flow chart of the main ideas and research methods of this study

Figure 2 shows a flow chart of the main ideas and research methods of this study.
Before the carbothermic reduction experiment of bismuth oxide and graphite, the
roast temperature of the carbothermic reduction reaction was obtained through ther-
modynamic calculation, saturation vapor pressure analysis, and thermogravimetric
analysis, and the residue, condensate, and smoke dust were collected separately
during the carbothermic reduction experiment. The residues, condensate, and smoke
dust were collected in the quartz boat and on the surface of the graphite paper,
respectively, andwere identified byX-ray diffraction (XRD, Smartlab(9kw), Rigaku,
Japan). To observe themicroscopic morphology of the condensate, scanning electron
microscopy (SEM, Supar55, Zeiss, Germany) images were taken, and the conden-
sate’s chemical composition was determined with energy dispersive spectroscopy
(EDS, Supar55, Zeiss, Germany). The carbothermal reduction reaction of Bi2O3

was analyzed by thermogravimetry and differential scanning calorimetry (TG-DSC,
TGA55, USA).

Characterization Techniques

The effects of different reaction temperature, C/O ratio, holding time on the
volatilization ratios of table were calculated by the following Eq. (1):

η = (M0 − M1)/M0 × 100% (1)

where M0 is the mass of tables before reduction, M1 is the mass of the roasted tables.
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Results and Discussion

Thermodynamic Analysis

Gibbs Free Energy Calculation

TheGibbs free energy (�G)value is an important basis for judgingwhether a reaction
can proceed spontaneously. In order to predict the thermodynamic temperature at
whichBi2O3 reacts with carbon, the�Gof reactions (2)–(6) at different temperatures
is calculated by the following Eq. (2):

�G = �rG
� + RT InQ (2)

where �rG� is the standard Gibbs free energy, T is the thermodynamic temperature,
R is the molar gas constant, Q is the pressure quotient.

Thepossible reduction reactions betweenBi2O3 andCcanbedescribed as follows:

Bi2O3(s) + 3C(s) = 2Bi(l) + 3CO(g) (3)

Bi2O3(s) + C(s) = 2BiO(g) + CO(g) (4)

The possible disproportionation reaction of BiO can be described as follows:

BiO(g) = 1/3Bi2O3(s) + 1/3Bi (5)

Figure 3a shows the relationships between �G and temperature change of reduc-
tion reactions (3) and (4) under the standard atmospheric pressure. When �G is
negative, the reaction can proceed spontaneously. By contrary, when �G is posi-
tive, the reaction proceed spontaneously. The dashed line in Fig. 3a represents the
temperature at 1139 °C which �G changes for reaction (4) is equal to zero. And
the reduction reaction of Bi2O3 generating BiO occurred above the temperatures of
1139 °C. As shown in Fig. 3a, the reduction reaction of Bi2O3 generating Bi was
more likely to occur than the reduction reaction of Bi2O3 generating BiO. The main
gaseous product of the carbothermal reduction of Bi2O3 was expected to be BiO.
In the high-temperature reduction process, Fig. 3b shows the relationships between
�G and temperature change of disproportionation reaction (5) under the standard
atmospheric pressure. Bi could also be produced by disproportionation of BiO at
the experimental temperature 800–1200 °C, and the lower the temperature, the more
negative the�G, and the easier the reaction occurred. Therefore, the BiO soot gener-
ated by bismuth oxide reduction at high temperature was prone to disproportionation
when the temperature decreased during volatilization.

From the thermodynamic calculation results, it can be concluded that at the exper-
imental temperature, Bi and BiO are expected to be the products of carbothermal



Recovery of Bismuth in Blast Furnace Dust by Carbothermal … 425

Fig. 3 Relations between �G and T for reactions

reduction of Bi2O3. Bi and Bi2O3 can also be produced by reaction (5). The main
purpose of this research is to convert non-volatile Bi2O3 into gaseous volatile form
of bismuth under high-temperature reduction atmosphere, so as to study the treat-
ment of dust solid waste by carbothermal volatilization reduction process. Bismuth
oxide converted from solid phase to vapor-phase BiO through reaction (4) at high
temperature Therefore, the effective execution of reaction (4) is a key factor of the
experiment.

Saturation Vapor Pressure Analysis

In order to analyze the degree of evaporation of reduced bismuth metal at high
temperature, the relationship between temperature and saturated vapor pressure was
calculated by Eq. (6).

lg p∗ = AT1 + BlgT + CT + D (6)

where p* represents the vapor pressure of the pure substance, T represents
temperature, A, B, C, and D represent constants of different elements.

Figure 4 shows the saturated vapor pressure of Bi at temperatures ranging from
1850 to 2300 K [10]. The results show that as the temperature increases, the saturated
vapor pressures of Bi increase. At the high temperatures, the saturated vapor pressure
of bismuth is very low. At 1850 K, the saturated vapor pressure of Bi is close to zero,
so the calculated results of saturated vapor pressure show that bismuth is difficult
to volatilize at experimental temperature. This suggests that normal state bismuth
vapors cannot reach the condensation zone.

However, by consulting the thermodynamics manual [10], we learned that in
addition to the normal state bismuth, there are also volatile Bi(g) and Bi2 phase the
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Fig. 4 Relations between
�G and T for reactions
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high temperature. Therefore, it is not excluded that the reduced liquid phase bismuth
will be converted into the bismuth of the volatile phase.

Differential Thermal Analysis of Reduction Reaction

The conditions for the reduction reaction of Bi2O3 and graphite can be better under-
stood by thermogravimetric analysis. Bismuth oxide and graphite analytical reagents
were mixed at different mass ratios as samples for thermogravimetric analysis. The
5 mg of the mixed samples were placed in an alumina crucible and heated to 1250
°C at a heating rate of 10 °C/min. The entire measurement process was performed
in an argon atmosphere.

The results of the TG curve are shown in Fig. 5. The TG curves show two stages
of weight loss during the reduction process, and the ultimate weight loss is close
to 100%. The first stage of weight loss occurred at temperatures 715.3–980.3 °C.
According to the three weight loss curves with carbon–oxygen ratios of 0.4, 0.6, and
0.8, the larger the carbon–oxygen ratio is, the larger the slope of the weight loss curve
is, the faster the weight loss rate of the sample is, and the bigger the weight loss is.
And the weight loss rates of the three samples were similar, in which the carbon–
oxygen ratio of 0.4 was the highest, and the carbon–oxygen ratio of 0.8 was the
lowest. Thus, the reaction of Bi2O3 and graphite was performed at 715.3 °C initially.
Combined with the previous reaction Gibbs free energy analysis, the reaction (3)
occurs at this moment, and bismuth oxide is reduced to form bismuth metal element.
As the sample temperature continued to rise, weight loss rate increased rapidly.

The second stage of weight loss occurred at temperatures above 980.3 °C.
According to the three weight loss curves with carbon–oxygen ratios of 0.4, 0.6,
and 0.8, the larger the carbon–oxygen ratio is, the larger the slope of the weight loss
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Fig. 5 TG curves of
carbothermic reduction of
Bi2O3 and graphitic at C/O
ratios of 0.4, 0.6, and 0.8
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curve is, the faster the weight loss rate of the sample is. The slash at the second stage
is steeper than that at the first stage. It means that as the temperature increased, the
reaction became more intense, and the slopes of the three weight loss curves became
larger. Finally, the weight loss rates of the three samples were close to 100% with
the temperature rising to 1250 °C, and almost all of them reacted and evaporated.
Combined with the previous reaction Gibbs free energy analysis, because the reac-
tion temperature of reaction (4) was higher, the carbothermic reduction reaction was
still dominated by reaction (3). Due to the high volatilization rate at this stage, other
reactions occur in addition to reaction (3) and generate bismuth-containing volatile
phase which resulted in nearly 100% volatilization of the samples.

Carbothermic Reduction and Volatilization Behavior of Bi2O3

Thermogravimetric analysis results showed that the reaction of Bi2O3 and graphite
at 715.3 °C reached its maximum rate at about 1200 °C which is slightly larger than
the temperature at which the Gibbs free energy of reaction (2) is less than zero at
1139 °C. Therefore, it was necessary to study the carbothermic reduction process of
bismuth oxide when the experimental temperature was 800–1200 °C.

Effect of Heating Temperature

The influence of heating temperature on the volatilization and migration process of
bismuth element was first studied in the carbothermic reduction process. The tables
with carbon–oxygen ratios of 0.4, 0.6, and 0.8 were heated at temperatures of 800,
900, 1000, 1100, and 1200 °C for 120min. The relationship between temperature and
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volatilization rate of the carbon-containing tables was determined and was shown
in Fig. 6. At the low calcination temperature of 800 °C, the volatilization rate of
the tables with carbon–oxygen ratios of 0.4, 0.6, and 0.8 was 11.66%, 14.34%, and
14.07%, respectively. When the calcination temperature increased from 800 to 1000
°C, the volatilization rate of the tables with carbon–oxygen ratios of 0.4, 0.6, and
0.8 gradually increased to 19.31%, 24.94%, and 24.2%, respectively. As the heating
temperature gradually increased, the volatilization rate of the tables increased, and
the higher the calcination temperature, the faster the volatilization rate increased.

Figure 7 showed the photos of three different carbon quantities of tables roasted
at three temperatures of 800 °C, 1000 °C, and 1200 °C, respectively. It could be seen
that bismuth oxide generated liquid droplet bismuth metal at the temperature of 800
and 1000 °C in the carbothermic reduction experiment. The absence of significant
luminous bismuth metal at 1200 °C indicated that the resulting bismuth metal had
either evaporated completely or a volatile bismuth containing phase still existed The
higher the heating temperature, the more fully reaction (3) gone on. According to
the Gibbs free energy calculation in section “Gibbs Free Energy Calculation”, reac-
tion (3) occurred at 800 °C that was consistent with the results of thermogravimetric
analysis in the first stage at the temperature of 715.3–980.3 °C in section “Differen-
tial Thermal Analysis of Reduction Reaction”. Therefore, when the temperature was
around 800–1000 °C, the main reaction that dramatically took place was the carboth-
ermic reduction reaction (3). When the calcination temperature increased from 1000
to 1100 °C, the volatilization rate of the tables with carbon–oxygen ratios of 0.4,
0.6, and 0.8 increased rapidly, which was 53.4%, 53.63%, and 50.76%, respectively.
With the increase of temperature, the volatilization rate of bismuth oxide carboth-
ermic reduction became higher, and it was easier to form volatile phase. When the
temperature was above 1000 °C, the volatilization rate increased obviously. As the
calcination temperature continued to rise to 1200 °C, almost all of the tablets were

Fig. 6 The relationship
between calcination
temperature and
volatilization rate
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Fig. 7 The photos of three different carbon quantities of tables roasted at three temperatures of
800, 1000, and 1200 °C

volatilized. In addition, with the roasting temperature rising to 1200 °C, reaction (4)
also reached the thermodynamic reaction condition. So not only was reaction (3)
happening, but reaction (4) was happening. The reduction product of reaction (4)
was BiO that was a volatile and unstable bismuth oxide in the low-price state [10].

The results of the carbothermic reduction experiments with heating tempera-
tures ranging from 1000 to 1200 °C were consistent with the results of the second
stage thermogravimetric experiments in section “Gibbs Free Energy Calculation”.
Combinedwith previous thermogravimetric experiments and related thermodynamic
analysis, the carbothermic reduction reaction was still dominated by reaction (3) and
the formation of bismuth volatile phase also emerged which resulted in nearly 100%
volatilization of the samples at the end. In Fig. 7, the liquid bismuth metal gradually
disappeared with the temperature elevated. It indicated that the liquid bismuth metal
produced in reaction (3) formed volatile phase in reductive atmosphere.

Figure 8 showed the XRD diffraction peak of the condensate formed on graphite
paper by condensation of the volatile products generated under high-temperature
carbothermal conditions. By XRD analysis of the graphite paper with the experi-
mental heating temperature of 1200 °C, bismuth metallic simple was found. Tiny
liquid beads of bismuth metal were also observed by cutting the quartz tube in the
condensation section after the experiment at 1200 °C. Therefore, the main volatile
product was bismuth and the reaction (3) was the main reduction reaction. The
reaction (4) produced less low-valence bismuth oxides without obvious diffraction
peak. Then the liquid bismuth generated in reaction (3) formed volatile bismuth
at high temperature, which could be volatilized in reductive atmosphere, and high
the temperature was conducive to the transformation of liquid bismuth into volatile
bismuth. Therefore, it can be inferred that the volatile bismuth is mainly the volatile
Bi(g) elemental and Bi2 phase. So the higher temperature was favorable for bismuth
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element volatilization and enrichment in the soot during the carbothermic reduction
process.

Figure 9a showed the scanning electron microscope (SEM) image of condensate
in the lower temperature condensation region at 500 times magnification, which the
condensate was collected in the experiment at 1200 °C. Spherical particles of various
sizes scattered on the graphite conductive adhesive were observed from the Fig. 9a.
The spherical particles with smooth surfaces were observed in the SEM image with
the higher magnification of 1000 times. Figure 10 showed the electron microscope
scanning image and energy dispersive spectrum analysis of condensate in the lower
temperature condensation, which the condensate was collected in the experiment at
1200 °C. Elemental analysis of these spherical particles showed that it was mainly
composed of Bi. The spherical particles were probably tiny droplet of bismuth metal
or some kind of the condensed phase of bismuth. It could be seen fromFig. 11 that the
main element of spherical particles with smooth surfaces was only bismuth without
other elements.

Figure 12a, b showed the SEM image of condensate in the higher temperature
condensation region at 100 times magnification, which the condensate was collected
in the experiment at 1200 °C. Irregular spherical particles with rough surfaces of
various sizes scattered on the graphite conductive adhesive were observed from the
Fig. 12a, b. The irregular spherical particles in Fig. 12a were littler than that in
Fig. 12b. It could be inferred that the irregular particles grew from small to large.
Figure 13 showed the SEM image and elemental mapping of condensate in the

Fig. 8 XRD diffraction peak of condensate on graphite paper
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Fig. 9 The scanning electron microscope (SEM) images of condensate in the lower temperature
region (1200 °C): a 500 times magnification and b 1000 times magnification

Fig. 10 The scanning electron microscopy image and EDS spectra of condensate in the lower
temperature region (temperature = 1210 °C, particle size = 12 mm, reduction time = 25 min)

Fig. 11 The SEM image and elemental mapping of condensate in the lower temperature
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higher temperature. As can be seen from the Fig. 13, the irregular spherical particles
contained not only bismuth but also oxygen, indicating the existence of oxygen-
containing bismuth compounds. According to the possible reduction and dispropor-
tionation reactions, the oxides of bismuth are bismuth oxide (Bi2O3) and bismuth
low-price volatile oxide (BiO). The oxide of bismuth should be Bi2O3 because of
the nature that BiO disproportionation reaction was easy to occur at low tempera-
ture. Therefore, the final volatile products at 1200 °C was bismuth elemental and
bismuth oxide (Bi2O3), and the disproportionation reaction (5) occurs in BiO during
the volatilization process.

Fig. 12 The SEM images of condensate in the lower temperature region (1200 °C 100 times
magnification): a littler particles and b bigger particles

Fig. 13 The SEM image and elemental mapping of condensate in the higher temperature
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Fig. 14 Relationship
between calcination
temperature and
carbon–oxygen ratio

Effect of Carbon Content

The effect of carbon content of the tables was investigated by varying C/O ratio of
0.4, 0.6, and 0.8. As shown in Fig. 14, with the continuous increase of C/O ratio, the
influence of the volatilization rate of the tablets was not obvious, especially at 1100
and 1200 °C. In the low temperature section less than 1100 °C, the volatilization rate
of the table with C/O ratio of 0.6 and 0.8 was slightly higher than that of the table
with C/O ratio of 0.4, which indicated that the higher the carbon content, the higher
the carbothermic reduction reaction rate of the tablet. However, as the experimental
temperature gradually increased, the reduction reaction was more sufficient, and the
amount of volatile phase formed at the same time was greater, so the effect of carbon
content to the volatilization rate of the tablet was smaller.

Thermodynamic Simulation Calculation

The relevant thermodynamic data in thermodynamics manual and Factsage software
were consulted, and the calculated results were shown in Fig. 15. The main product
of bismuth oxide carbothermal reduction was the volatile Bi(g) elemental and Bi2
phase.

Carbothermal Reduction of Table

The volatile product was green powder dust under 1200 °C in Fig. 16. After XRD
phase identification, the main composition was Bi and Bi2O3. This also verified
the occurrence of reactions (3)–(5). In the direct reduction process of rotary kiln,
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Fig. 15 Thermodynamic simulation of bismuth oxide carbothermal reduction

the enrichment rate of bismuth element in blast furnace dust sludge in secondary
volatilization soot is about 90%. The bismuth elements in secondary soot are mainly
bismuth and bismuth oxide in reducing atmosphere and can be oxidized to bismuth
oxide in the process of secondary oxidation [1, 11].

Fig. 16 The volatile product
at the temperature of 1200 °C
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Conclusions

In this study, we proposed a new vacuum carbothermal reduction method to recover
Bi from blast furnace dust and experimentally demonstrated the method’s feasibility.
The migration route of bismuth element in dust during carbothermal reduction was
studied in detail. The main contents and conclusions of this study were as follows.

1. The results of thermodynamic calculations under show that Bi2O3 reacts with
carbon form Bi and BiO, respectively. The actual reaction temperature of Bi2O3

and graphite was subsequently obtained by thermogravimetric analysis.
2. Through experiments with pure Bi2O3 and graphite, Bi and bismuth containing

oxide was obtained in the condensation zone. The calculation results of the satu-
rated vapor pressure show that the presence of Bi in the condensation zone was
due to either its vaporization under the high temperature, or the disproportiona-
tion reaction ofBiO. The final volatile products at 1200 °Cwas bismuth elemental
and bismuth oxide (Bi2O3), and the disproportionation reaction (5) occurs in BiO
during the volatilization process.

3. With both our theoretical calculations and experimental results, blast furnace
ash as the raw material also obtained enriched bismuth and bismuth containing
oxide in the secondary soot with direct reduction process in rotary kiln. This
demonstrates the feasibility of recovering Bi from blast furnace ash by direct
reduction process.
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Abstract The digitalisation of the world and electrification of transportation have
been driving the increased usage of rechargeable batteries in the past decade. Recy-
cling and recovering valuable metals from Li-ion batteries waste is critical for
securing the resources to meet the future demand and production of batteries. In
this study, recycling of a battery waste, a black mass containing multiple metals
from the cathode and carbon anode, was evaluated using a pyrometallurgical route.
Reduction of battery cathode material using carbon from the anode combined with
hydrogen as reductant was systematically investigated at 400–1000 °C. The study
included thermodynamic assessment using the FactSage™ thermochemical package
combined with selected experimental results. The overall reduction mechanism was
found to be uniquely characterized by the reduction temperature. The data and infor-
mation obtained can be employed to develop and optimize the recycling process of
Li-ion batteries.
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Introduction

Li-ion batteries have widely used in the applications of energy storage systems, such
as portable devices, electric vehicles, and in the grid-energy storage [1–4]. Li-ion
batteries contain a variety of valuable metals (Li, Co, Mn, Ni) from the cathode,
carbon from the anode, and organic compounds. Over the next two decades, the
development of electric vehicles and storages will spur battery demand causing a
significant need to extract minerals for battery materials. While the pressure to scale
up all stages of the supply chain is high, extraction and processing are particularly
critical due to long lead times [5].

Recycling valuable metals from all possible resources is critical for securing
availability of metals in the future. For example, Li-ion batteries contain 5–7 wt% Li
which is a much higher concentration than the lithium content in natural resources
[6]. Thus, spent batteries must be seen as valuable resources. Recycling of spent
Li-ion batteries is also inevitable to deal with the accumulation of spent batteries
since the waste is harmful to the environment. In the field of spent Li-ion battery
recycling, the pyrometallurgical route is one of the alternatives due to its simplicity
and high productivity.

In this study, a high-temperature reduction process using carbon and hydrogen
gas was investigated, aiming to recover valuable metals from Li-ion battery waste.
A comprehensive evaluation of the thermodynamic feasibility was conducted and
assessed by isothermal reduction experiments. Along with H2, carbon was used as
the supporting reducing agent as it is contained in the anode of the battery mixed
with the valuable metals in the waste.

Materials and Methodology

Black Mass Characterization

The black mass that contained cathode, anode and other components of waste Li-ion
batterieswas supplied byEnvirostreamAustralia Pty Ltd. The elemental composition
of the blackmass is presented in Table 1, and the component classification is shown in
Table 2. Lithium Cobalt Oxide (LCO) and Lithium Nickel Manganese Cobalt Oxide
(NMC) are the predominant Li-ion battery cathode materials contained in the black
mass. The morphology of black mass powder is shown in Fig. 1a and a cross-section
image of NMC-cathode powder is shown in Fig. 1b.
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Table 1 Elemental analysis of as-received black mass

Element Wt%

C 37–40

Co 8–9

Mn 1–5

Ni 14–16

Al 3–4

Cu 2–4

Fe <5

Li 2–4

P 2–4

F <2

O Bal

Table 2 Component classification of as-received black mass

Material Wt%

Anode Graphite ~35–50

Cathode Lithium Nickel Manganese Cobalt Oxide (NMC) ~5–30

Lithium Cobalt Oxide (LCO) ~10–30

Lithium Manganese Oxide (LMO) ~0–5

Lithium Ferro Phosphate (LFP) ~0–5

Other Electrolyte (LiPF6) ~0–5

Binder (PVDF)

Substrate (Al, Cu foil)

Fig. 1 a SEM-SE image of black mass powder, b cross-section of NMC-cathode grains
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Thermodynamic Assessment

Thermodynamic assessmentwas carried out using FactSage©7.2 (Thermfact/CRCT,
Montreal, Canada), with the Equilib module. The Equilib module calculates the
equilibrium state of a system under given constraints using information from the
chosen database(s) by means of Gibbs energy minimisation. Two built-in databases,
FactPS (database for pure substances) and FToxid (database for oxides), were applied
for the thermodynamic calculations [7–9]. Since some of the thermodynamic data
were not available in the databases, a customized database was generated using
available thermodynamic data found in the literatures [10–23].

Reduction Experiment and Characterization

Prior to the experiments, the black mass was weighed and mixed in a ball-mill
(146 mm diameter × 203 mm long) using 100 alumina balls of 8 mm diameter. The
powders and balls were placed into the milling jar and milled for 3 h at 100 rpm.
The mixed powders were then briquetted using a cold press with a load of 10 tonne
for 5 min at room temperature. The final pellets had a dimension of approximately
13 mm in diameter and 12 mm in thickness.

The experimentswere performed in awater-cooled vertical tube resistance furnace
equipped withMo2Si heating elements. The ends of the tube were sealed with water-
cooled jackets. A pellet sample was placed inside an 18 mm diameter cylindrical
alumina crucible andwasplaced in the hot zoneof the furnace andheated isothermally
at 600, 800, and 1000 °C for 12 h. The furnace was purged with Ar (0.5 L/min) for
5 min before switching to H2 (0.3 L/min) to eliminate oxygen in the system prior to
placement of sample.

To identify the existing phases, X-ray Powder Diffraction (XRD) characterization
was carried out using aBrukerXRD (BrukerAXSGmbH). The analyseswere carried
out using Cu-Kα radiation and a 2θ between 5 and 140° at a step size of 0.02° (~2 h
per scan) operated at 40 kV and 40 mA. Phase identification was performed using
DIFFRAC.EVA V4 software equipped with the International Centre of Diffraction
Data (ICDD) PDF2 + database.

Scanning Electron Microscope (SEM) (Zeiss SUPRA-40), in conjunction with
Energy Dispersive X-ray Spectroscopy (EDX) (INCA Suite 5.05), were used to
conduct analyses on microscopic images, elemental mapping, and semi-quantitative
chemical compositions. The EDX results (ratio of different elements) were used
to deduce the possible phases during reaction (cross checked with XRD results).
Secondary Electrons (SE) and Angle Selective Backscatter (AsB) signals were used
for the morphology imaging and EDX analysis, respectively.
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Results and Discussion

Thermodynamic Assessment of Black Mass Reduction by C
and H2

Thermodynamic assessment was performed to investigate the temperature depen-
dence of the equilibriumphaseswithH2 andC under 1 atm total pressure at 400–1000
°C. The input of the reaction was as follows:

LiCoO2 + LiNi0.333Mn0.333Co0.333O2 + LiMn2O4 + LiFePO4 + 3C + H2

The molar ratio applied for all cathode materials was assumed to be equal to
H2, aside for C content which was in larger quantity based on the common battery
composition.

Figure 2a shows that formation of metallic Co and Ni was thermodynamically
possible in full temperature range studied, although some CoO andNiOwere present
as minor phases (Fig. 2c). Instead, Mn and Fe were only possible to reduce as MnO
and FeO with small formations of spinel phases: MnFe2O4 and Fe3O4 (Fig. 2c). Li
could not be recovered as pure metal, but it formed various compounds of Li3PO4,
Li2CO3, and LiFeO2 (Fig. 2b). Li3PO4 was stable in full temperature range while a
slight decrease of Li2CO3 occurred before LiFeO2 started to form above 900 °C.

The gas by-products were predicted to include H2, H2O, CO, CO2, and CH4

(Fig. 3). Higher temperature favoured the formation of CO instead of CO2, and H2

instead of H2O. The increase of CO was correlated to the full consumption of C
which happened at around 750 °C (Fig. 2a), while H2 remained stable at higher
temperatures. This might indicate that C is more reactive than H2. Low reactivity
between C and H2 was also shown by the minor formation of CH4 below 800 °C.
Overall, COandH2 weremore utilized on the reduction process at lower temperatures
(<750 °C) while at higher temperatures, an increase in CO/CO2 and H2/H2O was
observed which would cause to more reducing environment. However, no significant
change in the reduced phases was observed with temperature increase in this range.

Experimental Reduction of Black Mass Reduction by C and H2

Figure 4a shows the phase analyses fromXRD characterization of the reduced pellets
at 600, 800, and 1000 °C. At all temperatures, a significant amount of C was still
present and LiCoO2 existed as a non-stoichiometric Li0.185Co0.815O. Metallic Ni was
recovered at all temperatures (peak no. 2); and the higher magnification of this peak
is shown on the right-hand side. At 800 and 1000 °C, this peak was broadened and
shifted to the left, resulting a detection of two metal phases: Co and Ni. Meanwhile,
Fe was recovered as Fe3P at all temperatures.
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Fig. 2 Predicted equilibrium molar amounts: a C, Co, Ni, b Li compounds: Li3PO4, Li2CO3,
LiFeO2, c monoxide and spinel; left: MnO, FeO, CoO, right: magnified images of low molar
amounts of MnFe2O4, Fe3O4, Fe2O3, NiO

Fig. 3 Predicted
equilibrium molar amount of
the gas compounds: H2,
H2O, CO, CO2, CH4
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Fig. 4 a XRD analyses of the reduced samples at 600, 800, and 1000 °C. Magnified XRD spectra:
b 600 °C at 2θ = 29–42°, c 600 °C at 2θ = 56–70°, d 1000 °C at 2θ = 30–41°, e 1000 °C at 2θ =
53–60°. First, second, third peak were denoted as 1st, 2nd, 3rd, respectively. XRD spectrum at 600
°C was representative to 800 °C
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Enlarged XRD spectra of the peaks associated with Li compounds are shown
in Fig. 4b–e, where Li was present mainly as Li2O2 at all temperatures. Li2O
appeared with less intensity, with only a single identified peak, particularly at higher
temperature of 1000 °C. This suggests that most elemental Li was still contained in
Li0.185Co0.815O. The XRD analyses indicated only a small amount of MnO, and this
was the only Mn-containing phase found in the reduced samples.

High magnification of an SEM-SE image of the top surface of a pellet reduced at
600 °C is shown in Fig. 5. The middle phase, light-grey in colour, was present as a
separated structure with clear boundaries from its surrounding. A higher magnifica-
tion of this structure, shown by the red-square image, shows a smooth surface while
some area was covered by the remaining C. This surface was analysed by EDX to
contain only Ni and a small amount of O, primarily identified as metallic Ni (refer
to Table 3). This result confirm the thermodynamic calculations (shown in Fig. 2a)
that metallic Ni should be formed.

The area surrounding metallic Ni, dark grey in colour, is shown in the yellow
square image in Fig. 5. This structure contains the remaining reactants of C and
LiCoO2. C exhibited a flaky structure and the structure of remaining LiCoO2 was
spherical, similar to the raw material (Fig. 1). EDX point analysis on this spherical
phase is shown in Table 3 and deduced as non-stoichiometric LiCoO2 with a chemical
formula of Li0.185Co0.815O. Since Li cannot bemeasuredwith EDX, the consideration
of Li-containing phase was based on the EDX and XRD analyses together. In the
XRD analyses (Fig. 4), Li0.185Co0.815O was observed up to 1000 °C, suggesting that
the reduction had slow kinetics despite the abundance of C.

The formation of reduced Co is shown in Fig. 6, taken from the sample reduced at
1000 °C. The Co appeared as micro-grains, in contrast to the large surface of metallic
Ni. It was observed that the grains exhibit cubical shape, which is the common crystal
structure of Co above 422 °C [24–26]. This result confirms the thermodynamic
calculations (Fig. 2a).

Figure 7a shows a SEM image of the Fe-containing phase, taken from the top
surface of pellet reduced at 800 °C. There is clear segregation of the phase from the
surface of the pellet. From the observation at higher magnification in Fig. 7b, the
structure is observed to have a porous morphology with a relatively irregular surface.
The structure was analysed by EDX point analysis and deduced as Fe3P (Table 3).
It appears that the Fe3P formed from the decomposition of LiFePO4. Compared to
the thermodynamic analysis in Fig. 2 (which suggested the formation of Li3PO4), it
appears that kinetics might be limiting the dissociation to FeO, and rather Fe3P was
formed.
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Fig. 5 SEM-SE images of the top surface of a pellet reduced at 600 °C, red: Ni-rich surface, yellow:
remaining LiCoO2 and C

Conclusions

Reduction of Li-ion batterywaste usingC andH2 has been carried out at 400–1000 °C
by thermodynamic assessment supported by experiments. The following conclusions
were drawn from the study:

• Thermodynamic assessment: Metallic phases of Co and Ni were feasible to form
at all temperatures. Mn and Fe would not be reduced to metallic form, rather only
as far as MnO and FeO. Li phases would be generated as various Li compounds
of Li3PO4, Li2CO3, and LiFeO2, where LiFeO2 phase was favoured at higher
temperature starting around 900 °C. Full gasification of C to CO was predicted
to occur above 750 °C while minor formation of CH4 occurred below 800 °C.
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Table 3 EDX point analysis of reduced black mass referring to SEM images

Point Wt (%) Deduced phase

Ni Co Fe O C P

Figure 5-red 1 91.02 – – 8.98 – – Ni

2 94.79 – – 5.21 – – Ni

3 – – – – 100 – C (graphite)

Figure 5-yellow 1 – – – – 100 – C (graphite)

2 – 86.04 – 13.96 – – Li0.185Co0.815O

3 – 84.92 – 15.08 – – Li0.185Co0.815O

Figure 6 1 – 92.15 – 7.85 – – Co

2 – 96.14 – 3.86 – – Co

3 – – – – Co

Figure 7 1 – – 63.71 – – 36.29 Fe3P

2 – – 61.52 – – 38.48 Fe3P

3 – – 60.82 – – 39.18 Fe3P

Theoretical value – 75.01 – 24.99 – – Li0.185Co0.815O

– – 75.00 – – 25.00 Fe3P

Fig. 6 SEM-SE images of the top surface of pellet reduced at 1000 °C: a reduced Co, bmagnified
image showing Co-crystals

Fig. 7 SEM-SE images of the top surface of pellet reduced at 800 °C: a Fe-rich phase, shown by
arched structure, b magnified image of Fe-rich phase
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CO and H2 were utilized better at lower temperatures (<750 °C) while higher
temperature caused an increase in CO/CO2 and H2/H2O ratio.

• Experimental results: Metallic Ni was produced at temperature as low as 600 °C,
but the reduction of metallic Co required higher temperature. Fe was recovered as
Fe3P at all temperatures, while Li was recovered as Li2O2 and Li2O. However, the
Li compounds were found with low intensity peaks, which may indicate that most
Li was still associated with non-stoichiometric LiCoO2 (Li0.185Co0.815O) that was
visible in the XRD spectra. The presence of excess C and remaining LiCoO2 (as
Li0.185Co0.815O) suggests that kinetics might limit further reduction.
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Selective Extraction of Vanadium
from Sodium Tungstate Solution Using
P507

Hanyu Wang, Guihong Han, Yanfang Huang, Shengpeng Su, Bingbing Liu,
and Kunpeng Shi

Abstract Separation of tungsten (W) and vanadium (V) is of great significance for
the utilization of the polymetallic complexminerals and secondary resources of these
elements. In this work, selective extraction of V from sodium tungstate solution was
investigated using 2-ethylhexyl phosphonic acid mono-2-ethylhexyl ester (P507) as
an extractant. The extraction process was studied to optimize various parameters
including initial pH, extractant concentration, phase ratio (O/A), temperature, and
contact time. The simulation calculation indicated W and V exist in the form of
cation HW7O24

5− and anion VO2
+, respectively, in solutions with pH ranging from

1 to 3, which provided a theoretical basis for the selective separation of W and V.
In addition, under the optimum conditions (pH = 1.5, 20% (v/v) P507, O/A = 1/2,
room temperature, and T = 20 min), the removal efficiency of V exceeds 90% with
W loss below 6%.

Keywords Sodium tungstate · Vanadium · P507 · Solvent extraction

Introduction

W and V have been wildly applied in many fields, including catalysts, weapons,
atomic energy, and aerospace [1–3]. Due to their remarkable physical and chem-
ical properties, these metals have been considered strategic for the development of
new technologies [4, 5].With the continuous consumption of traditional high-quality
resources, the research on the recovery of W and V from various resources is stim-
ulated, such as nickel molybdenum ore, scrap carbides, scrap steel alloys, and the
spent catalysts [6–9]. Especially, spent selective catalytic reduction (SCR) catalyst
has attracted widespread attention of numerous researchers, due to its increasing
discard amount [10, 11]. Hence, considering that normally both metals are located
together in spent SCR catalyst, it is necessary to dispose of available procedures for
their extraction and separation.
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In recent years, the process of extracting valuablemetals from spent SCR catalysts
by soda roasting/water leaching has been the most studied by researchers [12, 13].
This combined processes that alkaline reagents (mainlyNaOHandNa2CO3) are used
for roasting, and the resulting sodium vanadate and tungstate can be solubilized in
hot water, separating W and V from titanium (Ti) and other metallic impurities [14].
However, the main challenge is still the effective separation, at a reasonable cost,
of the two metals in order to produce high-grade salts with commercial applications
[13]. Compared with precipitation and ion exchange, solvent extraction possesses
significant advantages including high selectivity, superior separation efficiency, and
easy operation, which is considered as the most promising method recommended
for separate W and V [15]. Currently, chelate extractants (LIX 63) and amine extrac-
tants (Aliquat336) are the popular choices for selective separation of W and V in
mildly acidic or basic solutions [16, 17]. However, the separation of the two elements
in acidic solution (pH < 2) has not been reported. P507, as an acidic extractant,
possesses excellent characteristics, such as high extraction efficiency, low price, and
also possesses the potential to separate W and V in acidic solution conditions [18].

The objective of present investigation is to selectively separate V from sodium
tungstate solution using P507 as an extractant. The feasibility of selective separation
of Vwas confirmed by theoretical analysis. Then various factors affecting the extrac-
tion efficiency of V including initial pH, extractant concentration, O/A ratio, and
contact time were systematically investigated, simultaneously, and the key parame-
ters affecting the stripping efficiency of V were determined. Ultimately, based on the
present study, a new method for the selective separation of W and V was proposed.

Experiment

Materials

The mixed solutions of W and V were prepared from sodium tungstate dihydrate,
sodium vanadate, and both the initial concentrations of W and V were identified as
1 g/L. The organic phase thatwas used in this experiment consisted of extractant P507
and diluent sulfonated kerosene. Hydrochloric acid (HCl) was applied to regulate the
acidity of solutions. All other reagents adopted in the experiments were of analytical
grade without further purification, and deionized water was used throughout the
experiments.

Experimental Procedures

In each experiment, a certain concentration of organic phase was prepared by mixing
P507 with sulfonated kerosene. Then the acidity of solution containingW and Vwas
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adjusted to different pH values by HCl. The aqueous phase and organic phase with
different volume ratios were transferred into a conical bottle and shaken in conical
flasks for a predetermined time, and the extraction experiments were conducted in a
shaker with a speed of 200 rpm/min. Unless otherwise mentioned, the temperature
was 25 °C with an error of less than ±0.1 °C. In addition, aqueous and organic
solutions were equilibrated using a separating funnel for 10 min.

Analytical Methods

The pH value of solution was measured by a Shanghai Mettler Instruments pH
meter, and the concentrations of W and V were determined by ICP-OES (Thermo
Scientific). The simulation software of Visual MINTEQwas adopted to calculate the
species distributions. Additionally, the concentration of metal ions was calculated
by subtraction, and all experiments were carried out in duplicate to ensure accuracy.
The key indexes of the separation process were calculated by Eq. (1):

E =
(
1−Caq

C0

)
× 100% (1)

where E represents the extraction efficiency of W and V, %, C0 and Caq are the
concentration of W or V in the initial solution and raffinate, mg/L.

Results and Discussion

Thermodynamic Considerations

The selective separation of W and V is mainly based on the differences in physico-
chemical properties between the elements [19], including the ability of W and V to
polymerize and the ability of V to form cations in acidic solution [6]. Therefore, the
common ion species of W and V in acidic solutions were investigated by simulation
calculations of Visual MINTEQ software, and the molar rate of the W and V species
as a function of pH value in W-H2O and V-H2O systems was given in Fig. 1. It
was found that V can form cationic VO2

+ species, while W exists in the form of
oxyanion under the pH range of 0–2. Based on this difference, the use of cationic
extractants is expected to selectively separate V from solution, which also provided
a theoretical basis for the selective separation of W and V. The chemical reaction of
solvent extraction is expressed as Eq. (2) [20]:

VO+
2 + H2A2 = VO(A)2 + 2H+ (2)



452 H. Wang et al.

0 1 2 3 4 5 6 7
0

20

40

60

80

100
M

ol
ar

 r
at

e/
%

pH

 WO4
2-

 H2W12O42
10-

 HWO4
-

 HW7O24
5-

 W7O24
6-

0 2 4 6
0

20

40

60

80

100

M
ol

ar
 ra

te
/%

pH

H2V10O28
4-

HV10O28
5-

V10O28
6-

V4O12
4-

VO2
+

(a) (b)
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(CW = 1.0 g/L, CV = 1.0 g/L, 25 °C)

where H2A2 represents the dimer of the phosphine extractant, and the overline
represents the organic phase.

Effect of Initial pH Value

The effect of pH value on metal extraction was investigated by using 20% (v/v)
P507 with a feed solution at different pH and an O/A ratio of 1/2, and the results
were shown in Fig. 2. It can be observed in Fig. 2 that V maintained a high extraction
efficiencywhen the solution pHwas less than 2. However, the extraction efficiency of
V significantly decreased with the pH further increased, and the extraction efficiency
of W varied between 2 and 3%. Therefore, the pH value is an important parameter
during the extraction process, which significantly influences the extraction efficiency
of metal ions. The main reason is the gradual transformation of VO2

+ species into
H2V10O28

4− species with increasing pH value. In addition, at the solution pH value
of 1.5, the single-stage extraction efficiency of W and V are 5.4% and 87.93%,
respectively, and the separation factor is as high as 127.34. Thus, the optimum pH
value of the initial aqueous phase is determined to be 1.5.

Effect of Extractant Concentration and Phase Ratio

To improve the separation efficiency and reduce the consumption of organic phase,
the effect of extractant concentration and O/A on the extraction of W and V were
investigated. As shown in Fig. 3a, the concentration of extractant has little effect on
the extraction efficiency ofW andV. The extraction efficiency of V increased slightly
with the increase of extractant concentration. However, the extraction efficiency of
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V remained basically unchanged when the concentration of the extractant exceeded
20%. In light of this, the optimum extractant concentration is intended to be 20%.

The extraction experiments withO/A ranging from 1/5 to 2/1were conductedwith
the solution initial pH of 1.5, and the results were displayed in Fig. 3b. As the O/A
increased from 1/5 to 2/1, the extraction efficiency of V increased by 12.17% (from
74.83 to 87.00%), and the extraction efficiency of W remained basically unchanged.
Additionally, the extraction efficiency of V reached equilibrium with an O/A ratio
of 1/2.
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Fig. 4 Effect of temperature (a) and contact time (b) on the extraction of W and V (pH= 1.5, O/A
= 1/2, and 20% P507)

Effect of Temperature and Contact Time

As can be seen from Fig. 4a, the temperature has little effect on the separation of W
and V. Therefore, the room temperature was chosen for subsequent experiments. The
contact time is defined as the mixing time required to extract the maximum solute
from the external phase, and the effect of this parameter on metal ion extraction was
evaluated by changing the extraction time. The equilibration time varying from 5 to
50 min was performed, as displayed in Fig. 4b, the extraction rate for V is faster with
P507, and within 5 min of contact time, 81.90% of Vwas extracted. The efficiency of
V transport increased and then stabilized as the increase of contact time until 40 min.
Therefore, contact time of 40 min is deemed the balancing time to ensure complete
extraction in all subsequent experiments.

Conclusions

The selective extraction of V from sodium tungstate solution containing 1 g/L of W
and V was investigated using P507. The presence of the cationic form of V as VO2

+

and anionic form of W as HW7O24
5− at the strongly acidic solution pH (equilibrium

pH 1.5) provides a theoretical basis for the selective separation of W and V. Based
on the species’ differences of W and V in acidic solutions, V is extracted into the
organic phase by cation exchange with P507, whileW remains in solution during the
extraction process. In addition, the optimal conditions (pH = 1.5, O/A = 1/2, 20%
P507, room temperature, t= 20 min) were determined by single factor experiments.
After one extraction operation, the removal efficiency of V exceeds 90%withW loss
below 6%. Therefore, the proposed process is promising exclusively on the suitable
adoption of P507 as an extractant for effective extraction of V from sodium tungstate.
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Solar Thermal Application in Zn/ZnO
Recovery from Spent Alkaline Batteries

Reiza Mukhlis, Deddy Nababan, Andrew Mackenzie,
and Muhammad Akbar Rhamdhani

Abstract Landfilling of spent alkaline batteries is considered as more attractive
than recycling if economic perspective is the main factor taken into account. The
current study explores the potential use of solar thermal energy in recovering valuable
Zn/ZnO from the batteries in attempt to improve the economic competitiveness of the
recycling process. The black mass obtained from the batteries’ anode and cathode,
mixed with carbon from end-of-life lithium batteries, was subjected to carbothermal
reduction at 1030 °C in a solar thermal simulator under argon. It was found that high
purity Zn/ZnO powder can be recovered from the black mass, leaving valuable MnO
in the reactor. The increase in argon flow was found to decrease the particle size of
the Zn/ZnO powder, where the average of 2 μm obtained at 2 L/min argon. Since
potassium is the main impurity in the recovered powder, neutral leaching of the black
mass prior to reaction may improve product’s purity.

Keywords Battery recycling · E-waste · Solar processing

Introduction

Despite the neurotoxin manganese and corrosive electrolyte content, the end-of-
life (EOL) alkaline battery is not classified as hazardous waste and therefore can
be thrown away as household thrash that may ended up as landfill [1]. While the
consumer awareness and behaviour towards recycling are improving, the recycling
rate of the used batteries is however far from sufficient, i.e. not more than 10%
[2, 3]. A recent techno-economic study on alkaline battery recycling revealed that
the recycling process was not considered economically feasible unless there are
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significant increase in value of the recycling products and decrease in the process
cost [4].

The merit of the recycling products can be increased through the recovery of
valuable materials from the spent batteries. It has been previously demonstrated that
upon heating beyond 900 °C, ZnO can be reduced by carbon into zinc vapor where
upon condensation, the particle size of the Zn powder can be controlled by the gas
flow rate [4].

The current study explored the possibility of solar thermal energy application
in the alkaline battery recycling process. The process involved the production of
nano-sized zinc and/or zinc oxide powders through carbothermic reduction of black
mass obtained from mechanically processed EOL alkaline batteries. Carbon after
hydrometallurgical recycling process of lithium batteries was used as an additional
source of reductant to further reduce process cost.

Materials and Method

Battery Materials

Black mass, a mixture of cathode and anode powders produced through mechanical
processing of spent alkaline batteries, was supplied by Envirostream Pty. Ltd. Based
onXRDanalysis, the blackmassmainly consists of ZnO,Mn-oxides (MnO2,Mn2O3,
and Mn3O4), and carbon. Mn, Zn, and C content in the black mass was 28.55 wt%,
24.30wt%, and 16.78wt%, respectively. Carbon powderwas added to the blackmass
to ensure complete ZnO reduction. The carbon, initially in the form of paste, was
obtained from the waste of hydrometallurgical recycling process of lithium batteries
supplied by Envirostream Pty. Ltd.

Sample Preparations

The carbon paste was dried in an oven at 100 °C for 5 h, grinded into powders, and
sieved to 100 mesh. The resulted carbon powders were then added into black mass
powder that has been sieved to 100 mesh with the molar ratio of 5 mol C to 1 mol
ZnO. Subsequently, the powders were than mixed in a ball mill rotator at 50 rpm for
48 h to ensure its homogeneity. Alumina ball were added to the mixture with a ratio
of 1:10 to enhance the mixing process.

The black mass-carbon mixture was then compacted by 1 tonne load into 10 mm
pellets ready for the high temperature experimentation.
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Thermodynamics Assessment

Thermodynamics assessment on the black mass-carbon system was carried out
to determine the main parameter of the high temperature experimentation that is
the carbothermic process temperature. Equilibrium reaction of black mass-carbon
mixture in an inert atmosphere was simulated through Equilib module within Fact-
sage 7.2 thermochemical package. Three databases used in present study were
FactPS, FToxid, and FTmisc [5].

In order to achieve carbon addition of 5 mol C: 1 mol ZnO, the reactants for the
assessment were consist of 11.2 g pure carbon (graphite) and 100 g black mass with
the composition mentioned in Section a: Battery materials. Impurities that may exist
within the carbon used for the actual experiments were excluded in the assessment.

High Temperature Experimentation

Three compacted pellets were loaded into a quartz reactor equipped with gas inlet
and outlet and a thermocouple as schematically shown in Fig. 1.

Fig. 1 Schematic diagram of quartz reactor inserted to a furnace heated by solar simulator through
the quartz window

The reactor was then inserted into a solar furnace and heated to 1030 °C in a
solar simulator built at Swinburne University of Technology (see Fig. 2) to enable
carbothermic reduction of the black mass. The solar simulator, powered by seven 6
kWe metal halide lamps, was specifically designed to simulate highly concentrated
solar energy applications in material processing [6]. A peak flux ranging from 117
to 148 kW/m2 can be delivered by each lamp, where 1 MW peak flux can be focused
to the solar furnace through the quartz window (0.175 m diameter) when all the
lamps turned on. Five lamps were used in the current experiments to reach reactor
temperature of 1030 °C where, according to the thermodynamic assessment, the
carbothermic reduction of black mass reaches the plateau.
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Fig. 2 Solar simulator used in the present study, a furnace backview showing the metal halide
lamps as the source of the heat, b furnace front view showing the quartz windowns and the position
of the quartz reactor

In order to avoid thermal shock, the quartz reactor was inserted carefully into the
solar furnace when the furnace reached 800 °C. The reactor reached 1030 °C after
about 2 h of insertion and then left in the furnace at target temperature for 2 h. Argon
was flown into the reactor for the whole duration of the experiments. The gas flow
rate was varied from 0.5 to 2 L/min to investigate its effect to the produced powder.

Material Characterisation

The X-ray diffraction (XRD) pattern analysis, scanning electron microscopy (SEM)
image analysis, energy dispersive spectroscopy (EDS) elemental analysis, X-ray
fluorescence (XRF) analysis, and light scattering particle size analysis were among
the methods used in characterising the reactants and the products of the process.

The Bruker AXS–D8 diffractometer utilising Cu Kα radiation (1.54178 Å) oper-
ating at 40 kV and 30 mA was used to scan the sample from 20 to 90° (2θ) at a rate
of 0.02° per 1.5 s time step. The ZEISS Supra 40 Field Emission SEM equipped
with EDS was utilised in microstructure and elemental analysis. The particle size of
the condensed powder was analysed using light scattering Malvern Zetasizer Ultra
analyser. The Varian 730-ES Optical Emission Spectrometer and Olympus DELTA
Professional XRF analyser were used to quantitatively identify the elements within
the reactants and the products.
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Results and Discussion

It is generally known that thermodynamically, zinc oxide will be reduced by carbon
into zinc at elevated temperatures following Reaction (1):

ZnO(s) + C(s) → Zn(g) + CO(g) �G(at 1030◦C) = −4687.6 kJ (1)

The thermodynamics assessment results on the equilibrium reaction of 100 g black
mass containing ZnO with 11.2 g carbon in inert atmosphere are presented in Fig. 3.
By considering the XRF, XRD, ICP, and preliminary thermodynamics calculation
results on the black mass, the composition of the reactant was assumed to be: 25.22 g
C, 35.93 g Mn2O3, 7.14 g MnO2, 0.9 g Mn3O4, 29.7 ZnO, 7.94 KOH, 2.93 Mg, 1.07
Fe2O3, and 0.39 g Co.

One can clearly see from Fig. 3a that equilibrium reaction between black mass
with carbon at the temperature ranging from 800 to 1400 °C was predicted to mainly
produce gas phase, MnO, unreacted C and ZnO, K2CO3, Mn7C3, and minor amount
of Fe3C. The carbothermic reduction of zinc oxide was predicted to start becoming
significant at 900 °C marked by the decrease in ZnO and C content, and the increase
in the gas phase content. MnO remained constant at around 39 g where it suddenly
diminished at 1400 °C where Mn7C3 started to form. The K2CO3 was predicted to
constantly reduced from 9.8 g at 800 °C to 6.3 g at 1000 °C and finally diminished
at 1100 °C, where all the K turned into gas phase (see Fig. 3b). It is shown clearly in
Fig. 3b that zinc vapour started to reach its plateau (around 23.9 g at 1000 °C).

Considering that the expected product of the current recycling process is Zn and/or
ZnO powder, the high temperature experimentation using the solar simulator was set
to 1030 °C. It was expected that at the set temperature, almost all of the zinc has
left the black mass as a vapour which can be recovered once condensed. It was also
expected that the zinc powder recovered from the process conducted at 1030 °C will
relatively be pure. At temperatures higher than the set temperature, the gas phase
was predicted to increase, where all condensed vapor will be ended up as impurities

Fig. 3 Results of thermodynamic assessment: a major phases in the product, b main component
of the gas phase marked by dashed line in Fig. 3a
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Fig. 4 XRD pattern of a the condensed powder and b sample remaining in the quartz reactor after
heating at 1030 °C for 2 h under 2 L/min argon flow

in the produced zinc powder. Take potassium (K) for example; the predicted K(g)
produced at 1100 °C is about 2.5 times higher than that is produced at 1000 °C.

Figure 4 shows the X-ray diffraction pattern of the condensed powder and the
remaining sample (pellet) that stayed in the quartz reactor after the experiment. As
mentioned in Section d:High temperature experimentation, the samples were heated
at 1030 °C for 2 h in solar simulator under argon flowing at 0.5, 1, or 2 L/min.

As seen in Fig. 4, Zn was the only obvious phase in the condensed powder, while
MnO and C peaks were found from the sample remained in the quartz reactor after
heating. This is in agreement with thermodynamics assessment, which predicted that
the gas phase at 1030 °C was mainly consisted of CO and Zn. At room temperature,
only Zn will be condensed while CO will leave away as gas. Similar with Zn, potas-
sium should condense at room temperature, but no potassium peaks were detected.
The peaks found from the reacted sample remaining in the reactor are also in line
with the thermodynamic assessment. As shown in Fig. 3, at the temperature ranging
from 1000 to 1100 °C, the predicted products of reaction were MnO, minor K2CO3,
and unreacted C. Since no K2CO3 was predicted to exist as a product of the reaction
at 1100 °C, it is understandable that no K2CO3 peaks were found from the reacted
samples.

Figure 5 shows the microstructure of the remaining sample in the quartz reactor
and the microstructure of the condensed phase for various argon flow rate.

In general, crystalline structure with some needle like structures was observed in
the reacted sample that remain in the quartz reactor. The condensed powder, on the
other hand, has spherical structure where the size decreased as the argon flow rate
increased. Based on the light scattering particle analysis, the average particle size
of the powder condensed from the experiment under 0.5, 1.0, and 2.0 L/min argon
flow was 3.72, 2.3, and 2.0 μm, respectively. The reduction in the particle size with
the increase in argon flow was not as significant as the previous work conducted in
resistance furnace [4]. This is due to the fact that in the current experiment, the zinc
vapour needs to travel longer along the hose that connect quartz reactor gas outlet
to the wash bottle that contain acetone. A 2-m hose was needed to keep the wash
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Fig. 5 Microstructure of a remaining sample in the quartz reactor, and the condensed powder from
the experiment conducted under b 0.5 L/min, c 1 L/min, d 2 L/min argon flow

bottle away from the solar simulator lamp, as otherwise the acetone will evaporate
very rapidly. Consequently, quick-quench of the zinc vapor cannot be achieved.

The EDS elemental mapping of the sample remained in the quartz reactor and
the condensed powder are shown in Fig. 6a, b, respectively. The EDS map in Fig. 6a
confirmed that the sample remaining in the quartz reactorwas consisted ofmanganese
oxide and carbon. No zinc was found in the sample. This indicated that the zinc
oxide in the black mass has successfully been reduced into Zn where at the set
temperature (1030 °C), it is in a form of the gas which swept away from the sample
by argon flow. The zinc vapor was then subsequently condensed into solid when the
temperature dropped, which was clearly shown by the EDS map of the condensed
powder (Fig. 6b). Traces of oxygen, however, were found in the condensed powder,
whichmost likely be introduced during the SEMsample preparation due to prolonged
contact with air.

The concentration of elements within the samples shown in Fig. 6 is listed in
Table 1, along with element concentration in pure oxides.

When the carbon content in the Fig. 6a sample is not included in calculation,
the ratio of Mn to O in the sample is 77.44 Mn: 22.55 O, which resemblance the
element ratio of MnO instead of other manganese oxides listed in Table 1. This is in
agreement with the XRD analysis that shown only MnO peaks. Initially, the black
mass contains MnO2, Mn2O3, and Mn3O4. Thermodynamically, these oxides will
be reduced to MnO at 1030 °C by carbon according to the reactions below:
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Fig. 6 EDS elemental mapping of a remaining sample in quartz reactor, and b condensed phase

Table 1 Concentration of elements of samples shown in Fig. 6 along with common oxides

Element Figure 6a
sample
(wt%)

Figure 6b
sample
(wt%)

MnO
(wt%)

MnO2 (wt%) Mn2O3 (wt%) Mn3O4 (wt%) ZnO
(wt%)

Mn 71.70 0 77.44 63.19 69.6 72.03 0

Zn 0 51.68 0 0 0 0 80.34

O 20.88 7.34 22.55 36.81 30.4 27.97 19.66

C 7.42 37.98 0 0 0 0 0

K 0 0.38 0 0 0 0 0

Cu 0 2.67 0 0 0 0 0

MnO2(s) + C(s) → MnO(s) + CO(g) �G = −231.8 kJ (2)

Mn2O3(s) + C(s) → 2MnO(s) + CO(g) �G = −175.8 kJ (3)

Mn3O4(s) + C(s) → 3MnO(s) + CO(g) �G = −159.8 kJ (4)

If the Gibbs free energy is the only consideration, the carbon in the black mass
will easily consumed by the reduction of zinc oxide as it has significantly lower �G
(see Reaction (1)) and then consumed by themanganese oxides reduction. In the case
that carbon content in the black mass is higher than the requirement for Reactions
(1)–(4) to happen, it will remain unreacted in the sample (black mass) if the process
conducted under inert atmosphere.

The presence of C in the condensed powder (see Table 1) was definitely an artefact
as the powder was adhered to carbon tape for the SEM/EDS analyses. CO will not
condense at room temperature and will not contribute to the presence of carbon in
the sample. As expected, minor amount of potassium was presence in the condensed
powder. Potassiumwas originated from the alkaline battery electrolyte, i.e.KOH.The
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presence of Cu in the condensed powder is arguable. While Cu is present as impurity
in the carbon used in the current experiment (i.e. waste of Li battery recycling), the
amount was not that significant as it only reached 0.04 wt% maximum according
to XRF analysis. Additional Cu was most likely an artefact as the carbon tape was
attached to Cu plate to ensure good conductivity required for SEM/EDS analysis.
Based on XRF analysis, the resulted Zn powder has a purity ranging from 99.56 to
99.79% with potassium as the main impurity.

Conclusion and Recommendations

The current study demonstrated that valuable Zn powder can be recovered from end-
of-life alkaline battery by the application of concentrated solar thermal energy. Based
on thermodynamics assessment, the process temperature should be in the range of
1000–1200 °Cas the recovery of high purity zinc reached itsmaxima.Below1000 °C,
the amount of the zinc that can be recovered from the EOL battery is predicted to
reduce significantly.On theother hand, at the temperatures beyond1200 °C, the purity
of the recovered zinc was predicted to reduce since many elements, e.g. potassium
and manganese will be evaporated which will later condense together with the zinc
and will act as impurity.

Zinc powder, up to 99.79% pure, can be recovered from the alkaline battery when
the black mass with carbon addition is heated to 1030 °C. The main impurities in
the zinc were found to be potassium. Through the application of pre-process, i.e.
neutral leaching of the black mass, purity of the recovered powder can be increased
as potassium will be washed away from the black mass prior to the carbothermic
reduction reaction. The particle size of the zinc powder can be reduced by increasing
the gas flow rate. Due to the nature of the current experiments, however, the size
reduction was not significant. Modification to the reactor should be explored to
ensure rapid cooling of the zinc vapour to accommodate size reduction.

It is required to supply enough carbon to the black mass to ensure maximum zinc
recovery from the used alkaline batteries. Carbon is also required to ensure complete
reduction of manganese oxides in the spent batteries into MnO, which was saleable
as it has been proven to be adequately effective fertiliser [7]. The plant takes up
manganese as Mn2+ from the soil solution, and therefore, MnO is preferable than
other valence of manganese oxides, i.e. MnO2, Mn2O3, andMn3O4. Carbon content,
however, should not be too much as the remaining will left unreacted in the sample.
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Study on the Application of Absorbing
Colloid Flotation for Phosphate Removal
from the Hydrometallurgy Waste Liquid

Lulu Kou, Wenjuan Wang, Yanfang Huang, and Guihong Han

Abstract On some situations, environmentally hazardous phosphate ions exist
in hydrometallurgy waste liquids. Among the available treatment technologies,
adsorbing colloid flotation (ACF) has been considered and is of particular impor-
tance. In this work, ferric chloride was used as colloid adsorbent and sodium dodecyl
sulfate (SDS) as collector to removephosphate from the hydrometallurgywaste liquid
by flotation. Different parameters, including solution pH, contact time, molar ratio,
and collector concentration, were comprehensively investigated. The optimum phos-
phate removal efficiency was 96.05% when Fe/P molar ratio of 2:1, contact time of
30 min, solution pH of 4, and collector concentration of 160 mg/L were applied. The
results indicated that adsorbing colloid flotation can effectively remove phosphate
from solution and has great application prospects in hydrometallurgy waste liquid
treatment.

Keywords Adsorbing colloid flotation · Phosphate · Hydrometallurgy ·Waste
liquid

Introduction

Phosphorus is mostly present as inorganic phosphate (H2PO4
−, HPO4

2−, PO4
3−) in

natural water or waste liquid [1, 2]. With the rapid development of the hydrometal-
lurgy industry, a large amount of waste liquid containing phosphate will be produced.
When the phosphate concentration in the water body is higher than 0.003–0.8 µg/L,
it tends to cause eutrophication in water body, which can cause algal blooms, kill fish,
and destroy ecosystem [3–5]. Therefore, it is important and urgent that remove phos-
phate from the hydrometallurgy waste liquid. Common removal phosphate technolo-
gies include: chemical precipitation [6], biological technology [7], adsorption, and
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ion exchange [8, 9]. These technologies often produce by-products or need pretreat-
ment. Therefore, the development a method for effective removal of phosphate is
important and necessary.

The technique of adsorbing colloid flotation (ACF) has evolved from the micro-
flotation and precipitate flotation [10]. ACF is based on the adsorption of material
onto colloidal sized particles which then collect at the gas liquid interface. It typically
involves the formation of a hydrous metal oxide (e.g. hydrous oxides of Fe(III) and
Al(III)) and the adsorption or coprecipitation ofwaste species onto this hydrousmetal
oxide [11]. Then, surfactants are added to attach them to the bubbles [12]. Compared
with the traditional process, the adsorbing colloid flotation has the advantages of
easy operation, low cost, and reusable adsorbent [13], which has great application
prospects for the removal of phosphate in hydrometallurgy waste liquid treatment.

The main objective of this work was to use the adsorbing colloid flotation for
the removal of phosphate from hydrometallurgy waste liquid. In this work, ferric
chloride and sodium dodecyl sulfate were used as colloid adsorbent and collector,
respectively. Different parameters including solution pH, contact time, Fe/P molar
ratio, and collector concentration were comprehensively investigated.

Experimental

Materials

N, N-dimethylformamide (C3H7NO, 99.5%), ferric chloride hexahydrate
(FeCl3·6H2O, 99%), sodium dodecyl sulfate (C12H25SO4Na, >92.5%), potassium
dihydrogen phosphate (KH2PO4, 99.5%), NaOH, HCl. All the chemicals used in the
experiments were of analytical grade.

Absorbing Colloid Flotation Experiments

A certain mass of potassium dihydrogen phosphate was dissolved in distilled water
to prepare a 1000 mg/L solution of phosphate and used as the simulated hydromet-
allurgy waste liquid. Different concentration of phosphate standard solutions could
be obtained using the dilution method. All adsorption experiments conducted in
100 mL conical flasks filled with 50 mL simulated phosphate ion solution and a
certain amount of ferric chloride solution. The solution pH was adjusted by using
0.1 M HCI and 0.1 M NaOH. The conical flask filled with the solution was reacted
at 25 °C in shaker. Secondly, a certain amount surfactant solution was added to the
conical flask. The solution with phosphate ion, ferric chloride, and surfactant was
transferred to flotation column. Then, the clean solution was collected and filtered
using a 0.22 µm membrane filter. Finally, the residual concentration of phosphate
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ions was determined by ICP-OES. The phosphate ion concentration was 100 mg/L,
the temperature was 25 °C, and impeller speed was 150 r/min for all adsorption
experiments. The removal efficiency (Rt) was calculated by Eq. (1).

Rt = C0−Ct

C0
× 100% (1)

where Rt is removal efficiency at time t (%); t is the contact time (min); C0 is the
residual phosphate ion concentration (mg/L); Ct is the phosphate ion concentration
at time t (mg/L).

Results and Discussion

Effect of Contact Time

The contact time is one of the important factors affecting the removal efficiency.
To obtain the effect of contact time on the removal of phosphate ion, the following
experiment with the contact time 10–210min was carried out. As shown in Fig. 1, the
removal efficiency of phosphate declined, and residual phosphate ion concentration
increased from 10 to 20 min. However, the removal efficiency increased, and phos-
phate residual phosphate ion concentration declined from 20 to 30 min. The removal
efficiency of phosphate reached the maximum of 100% firstly when the contact time
was 30 min. At the same time, the residual phosphate ion concentration achieved
0 mg/L. The optimum contact time was 30 min to improve economic benefits.

Fig. 1 Effect of contact time
on the removal of phosphate
(solution pH = 6; Fe/P molar
ratio = 2:1)
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Fig. 2 Effect of different
Fe/P molar ratio on removal
efficiency (solution pH = 6;
contact time = 30 min)
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Effect of Fe/P Molar Ratio

It is well known that the dosage of adsorbent has a decisive effect on adsorption
process. To explore the effect of Fe/P molar ratio on the removal of phosphate by
ACF, the following experiment with the Fe/P molar ratio 0.5–4.5 was conducted.

As shown in Fig. 2, the removal efficiency of phosphate first increased and then
remained constant with the increase of the Fe/P molar ratio. When the Fe/P molar
ratiowas 0.5:1, the removal efficiency of phosphatewas 32.875%.Andwhen the Fe/P
molar ratio was 2:1, the removal efficiency of phosphate could be reached 99.8%.
Therefore, the optimum Fe/P molar ratio was 2:1 to improve economic benefits.

Effect of Solution pH

The pH of the solution determines the form of phosphate ions. Therefore, it is mean-
ingful to investigate the effect of solution pH on the removal phosphate by ACF. The
absorbing colloid flotation experiment at pH 3–11 was carried out, and the result
was showed in Fig. 3. With the increase of solution pH, the removal efficiency of
phosphate declined, and the concentration of residual phosphate increased in the
solution. When the solution pH was 4, the removal efficiency of phosphate reached
93.95%, and the residual phosphate concentration achieved 6.05 mg/L. When the
solution pH was 11, the removal efficiency of phosphate reached 1.325%, and the
residual phosphate concentration achieved 98.675 mg/L. Therefore, the optimum of
solution pH was 4.
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Fig. 3 Effect of solution pH
on residual phosphate ion
concentration and removal
efficiency (Fe/P molar ratio
= 2:1; contact time =
30 min)
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Effect of Collector Concentration

It was necessary to explore the effect of sodium dodecyl sulfate surfactant concen-
trations on the removal of phosphate and the solution turbidity; hence, the follow
experiment with the sodium dodecyl sulfate surfactant concentrations 0–280 mg/L
was conducted. The result was showed in Fig. 4.

As shown in Fig. 4, collector concentration has little effect on the removal effi-
ciency of phosphate but has a significant effect on the solution turbidity. The removal
efficiency of phosphate did not change significantly as the SDS surfactant concentra-
tion increased, with removal efficiency remaining above 90%. However, the solution
turbidity changed obviously along with SDS surfactant concentration increased. The
solution turbidity firstly increased and then decreased with the increase of the SDS
concentration. When the SDS surfactant concentration was 40 mg/L, the solution
turbidity reached the maximum of 22.52 NTU. When SDS surfactant concentration
was above 160mg/L, turbidity approximatively became 0 NUT. Hence, the optimum
collector concentration was 160 mg/L.

Fig. 4 Effect of SDS
surfactant concentrations on
removal efficiency and
turbidity (solution pH = 4;
contact time = 30 min; Fe/P
molar ratio = 2:1)
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Conclusions

In this work, we used ferric chloride and sodium dodecyl sulfate to successfully
remove phosphate from the hydrometallurgy waste liquid by adsorbing colloid flota-
tion. Different parameters including solution pH, contact time, molar ratio, and
collector concentration were comprehensively investigated. When Fe/P molar ratio
of 2:1, contact time of 30 min, solution pH of 4, and SDS surfactant concentration of
160 mg/L, the optimum phosphate removal efficiency reached 96.05%. The experi-
ment proves that absorbing colloid flotation can effective removal phosphate and has
a bright prospect to deal with hydrometallurgy waste liquid.
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